2MASS view of the LMC : structure, populations, kinematics. by Nikolaev, Sergei,
University of Massachusetts Amherst
ScholarWorks@UMass Amherst
Doctoral Dissertations 1896 - February 2014
1-1-2001
2MASS view of the LMC : structure, populations,
kinematics.
Sergei, Nikolaev
University of Massachusetts Amherst
Follow this and additional works at: https://scholarworks.umass.edu/dissertations_1
This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for inclusion in
Doctoral Dissertations 1896 - February 2014 by an authorized administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.
Recommended Citation
Nikolaev, Sergei,, "2MASS view of the LMC : structure, populations, kinematics." (2001). Doctoral Dissertations 1896 - February 2014.
1991.
https://scholarworks.umass.edu/dissertations_1/1991

2MASS VIEW OF THE LMC-
STRUCTURE, POPULATIONS, KINEMATICS
A Dissertation Presented
by
SERGEI NIKOLAEV
Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
May 2001
Department of Astronomy
© Copyright by Sergei Nikolaev 2001
All Rights Reserved
2A4ASS VIEW OF THE LMC-
STRUCTURE, POPULATIONS, KINEMATICS
A Dissertation Presented
by
SERGEI NIKOLAEV
Approved as to ^tyle and content by:
/I
Martin D. Weinberg, Chair
Michael F. Skrutskie, Member
iZ4
Stephen E. Schneider, Member
JohnvJ^. Buonaccorsi, Member
Ronald L. Snell, Department Head
Department of Astronomy
Digitized by the Internet Archive
''To my parents
in 2015
https://archive.org/details/2massviewoflmcst00niko
ACKNOWLEDGEMENTS
My deepest debt of gratitude goes to niy advisor, Prof. Martin Weinberg, who
has always supported rne, both morally and financially, during the seven years that
I spent here. He has allowed me enough freedom to do things that I liked and to
study things that I wanted, yet he has always been there to discuss my progress and,
if necessary, point me in the right direction. He has always encouraged me to do a
little more and pushed me a little harder in order to become a better student. Even
though sometimes it felt like I was Cmdr. LaForge needing to find the problem in the
bypass circuits of the warp field coils in a very limited amount of time, it still was a
great experience that taught me what it means to be a scientist.
I would also like to thank my dissertation committee members, Profs. Steve
Schneider, Mike Skrutskie, and John Buonaccorsi, for their constant support during
my tenure as a graduate student and for numerous suggestions that helped to shape
this document. I am grateful to all faculty members of the Astronomy Department,
and especially to Bill Irwine and David van Blerkom, who helped to arrange my visit
to the US seven years ago, and to Shashi Kanbur for his friendship and continuous
interest in my work.
It is a pleasure to thank the secretarial staff of our department, and especially
Denise Sallee and Terri Grzybowski, for their helpful assistance and attention to the
needs of graduate students.
I want to thank my fellow graduate students and postdocs, who made these seven
years a pleasant journey: Russ Makidon, Jessica Rosenberg, John Gizis and many
others. I am grateful to my russian fellow students, Alexei Petrov and Alexei Koloy-
denko, with whom we shared many great discussions and had a lot of fun outside
the Lederle tower. And, of course, my thanks goes to all members of russian-latvian
"gang", for their friendship and support. And, Sasha, yes, there was a Big Bang.
This publication makes use of data products from the Two Micron All Sky Survey,
which is a joint project of the University of Massachusetts and the Infrared Processing
and Analysis Center, funded by the National Aeronautics and Space Administration
and the National Science Foundation.
vi
ABSTRACT
2MASS VIEW OF THE LMC-
STRUCTURE, POPULATIONS, KINEMATICS
MAY 2001
SERGEI NIKOLAEV, B.S., ST. PETERSBURG UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Martin D. Weinberg
The results of a study of the Large Magellanic Cloud based on near-infrared
2MASS photometry are presented. From near-infrared color-magnitude diagram,
stellar populations of the LMC are identified and characterized, and their spatial
distributions are studied. The luminosity functions are presented for LMC bar and
disk fields. Isochrone analysis is performed and estimates of age and metallicity of
bar and disk populations are obtained. Geometrical structure of the LMC is studied
and its distance modulus is estimated from AGE tip magnitude. Inferences about
the spatial structure of the LMC are obtained by standard candle analysis based on
carbon-rich long-period variables. The evidence is presented for material out of plane
of the main LMC disk. Based on a maximum-likelihood analysis of 2MASS photom-
etry and stellar kinematics available in the literature, the conclusion is derived that
a secondary stellar component is present at roughly ~ 5 kpc behind the main LMC
disk. This material has lower systemic velocity than the disk of the LMC and is
shown to be able to enhance the microlensing optical depth and bring it to agreement
with MACHO observations.
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CHAPTER 1
INTRODUCTION AND OUTLINE
Large and homogeneous data sets of near-infrared photometry for the entire LMC,
a by-product of large-scale infrared sky surveys such as 2MASS (Skrutskie et al. 1997)
and DENIS (Epchtein et al. 1997), have become available to astronomical community
only recently. Here, we present the results of the study of the Large Magellanic Cloud
(LMC) based on 2MASS data.
1.1 Motivation and Research Goals
Our closest galactic neighbor, the Large Magellanic Cloud, provides an opportu-
nity to study stellar populations and star formation in an environment other than
our own Galaxy. Because of its proximity, approximately 50 kpc, and high galactic
latitude the LMC is a reasonably well-studied object. Previous work on the morphol-
ogy of the LMC based on wide-angle photographs characterized LMC as an ellipse
approximately 16° x 14° in size (1° = 0.87 kpc; de Vaucouleurs & Freeman 1973),
with the position angle of its semimajor axis 6 ~ 130° - 180° (see, e.g. Schmidt-Kaler
k Gochermann 1992 and references therein). Recently, Irwin (1991) estimated a size
of 23° X 17° from star counts, and Nikolaev & Weinberg (1998) have estimated the
LMC tidal radius (~ 11 kpc) based on USNO-A starcounts and on 2MASS prototype
starcounts. The estimates of the inclination of the Cloud to the line of sight range
from 25° to 45° (Schmidt-Kaler k Gochermann 1992). The direction of the tilt of the
LMC can be determined by considering magnitudes of Cepheids on the opposite sides
of the galaxy: results indicate that NE part of the LMC is nearer the Sun (de Vau-
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couleurs 1955, Gascoigne & Shobbrook 1978, Laney & Stobic 1986). However, fr
reviewing distance moduli of 170 supergiants of the LMC Isserstedt (1975) derived
that the closest to the Sun is the Western part of the galaxy. The central region of
the LMC is occupied by a bar, 3.5° x 1° in size, with position angle of its major axis
at 120°. The spiral structure of the LMC is described, e.g., by de Vaucouleurs &
Freeman (1973) or Schmidt-Kaler (1977).
Despite the apparently complex morphology of the LMC, the kinematical studies
of populations such as H I gas, H II regions, supergiants and planetary nebulae
(reviewed in de Vaucouleurs & Freeman 1973, Feitzinger 1980) indicate that the
kinematics of the Cloud is rather simple and is dominated by a disk. Later studies
of kinematics of H I, CO clouds, CH stars, clusters and long-period variables (LPV),
carried out by Hughes et al. (1991) and of planetary nebulae (Meatheringham et
al. 1988) also imply that LMC dynamics are dominated by a single rotating disk
potential. Even though recent analysis of old LPVs of the LMC (Hughes et al. 1991)
gave first indications to the existence of a spheroid population, these results must be
taken cautiously (Olszewski et al. 1996).
Despite the progress in our understanding of the LMC, many problems still remain.
Some of the most important issues still waiting to be resolved are the following:
• What is the three-dimensional structure of the LMC?
• What are the age and metallicity distributions of LMC populations?
• What is the history of star formation in the Magellanic Clouds and when did
the major episodes of star formation in the LMC take place?
• Is there a halo component and does it contribute significantly to microlensing
statistics?
• What is the dust distribution within the LMC?
2
A number of research projects are currently addressing these issues. For example, a
digital photometric survey of the LMC in UBVI (Zaritsky et al. 1997) has already
produced a detailed map of the internal extmction of the LMC. The data indicate
patchy dust distribution in the Cloud (Harris et al. 1997). MACHO group is monitor-
ing several million LMC stars (Alcock et al. 1997); the data can be used to effectively
select and study variable stars in the LMC (e.g., Cepheids, AGBs, etc). Such a
database could be quite useful in establishing the three-dimensional structure of the
LMC, because most variable stars obey a Period-Luminosity relation, which provides
an estimate of the distance. While improving our understanding, these optical studies
are hampered by interstellar dust (both foreground and internal to the LMC). The
dust extinction limits our ability to resolve the structure of the Cloud along the line
of sight due to severe undersampling problems. To make things even worse, modeling
of dust distribution inside the Cloud is difficult due to its dumpiness (Harris et al.
1997). On the other hand, a large-scale near-infrared (NIR) survey, such as 2MASS,
is relatively unaffected by dust extinction, since the extinction in K band is an order
of magnitude less than in the optical. Specifically, using 2MASS high-quality NIR
data to study the large scale structure of the LMC has the following advantages:
• Globality. 2MASS provides a truly global view of the LMC, as opposed to most
previous studies which concentrated on relatively small regions in the Cloud;
Homogeneity. Because of the complete coverage by 2MASS, we have in our
possession a large homogeneous data set (~ 10*" sources), which can be used to
study the LMC in its entirety;
Near-infrared survey. 2MASS provides a view of the LMC in near-infrared (J,
H, and K) bands, which results in very low galactic foreground extinction and
offers a possibility to study remote parts of the LMC. For example, a study of a
sample of AGB stars observed by 2MASS would be spatially complete, as these
3
stars are bright in the NIR (K, < -6^) and hence can be identified, based on
their colors, in the most distant regions of the LMC;
• High-quality photometry. Most importantly, the high quality of the NIR pho-
tometry by 2MASS (a ~ 0.03-) makes inference about LMC structure, pop-
ulations and evolution meaningful, as the accuracy of the data is sufficient to
support a detailed study.
To summarize, 2MASS survey is ideal for studies of spatial structure of the LMC,
its populations, history and evolution.
1.2 Outline of Presentation
This work consists of three major parts, concerning the stellar populations of the
Large Magellanic Cloud (Chapter 2), the structure of the LMC (Chapter 3) and its
kinematics (Chapter 4).
Our primary tool for identifying and studying stellar populations of the LMC
(Chapter 2) is NIR color-magnitude diagram (CMD) and isochrone analysis. Based
on feature-rich CMD of the LMC from 2MASS data, we identify and characterize
stellar populations in the LMC and by matching theoretical stellar evolution models
we are able to draw conclusions about ages and masses of stars represented in the
CMD. Isochrone fitting also gives the average metallicity of the LMC, and the average
age of its stellar populations.
To characterize the spatial structure of the LMC and its components, one needs
high-precision astrometric data (to study the structure in the plane of the sky), and
high photometric accuracy (to resolve the structure along the line of sight). In addi-
tion, one needs a complete sample of standard candles, i.e. stars, whose luminosity
is quantifiable. In Chapter 3, we use carbon-rich long-period variable stars identified
from CMD as our standard candles. Studying their distribution and their apparent
4
luminosity function provides hints that LMC may be more complicated than a single
disk.
Finally, in Chapter 4, we combine both photometric data from 2MASS and kine-
matic data available in the literature to model the LMC. The data are combined in the
framework of maximum likelihood method, which is readily expandable to the case
of additional photometric bands, etc. Adding kinematic data improves the inferential
power of the method and confirms the existence of a photometrically distinct stellar
population in the LMC, which is interpreted as the material out of the disk plane.
This stellar material is spatially coincident with kinematically distinct gas, found in
several previous studies (e.g., Luks & Rohlfs 1992, Kim et al. 1998). Not truly a
'conventional' halo, this material still acts to enhance the microlensing statistics to-
ward the LMC. We demonstrate that even a small amount of material out of the disk
plane can bring the optical depth toward the Cloud in agreement with observations.
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CHAPTER 2
STELLAR POPULATIONS IN THE LMC
2.1 Data
The 2MASS has observed the entirety of the Large Magellanic Cloud and much of
these data are included in the recent second incremental data release. Empirically, the
photometry has signal-to-noise (SNR) ratio 10 at J, H, K, magnitudes of 16.3, 15.3,
14.7, respectively, slightly better than the nominal survey limit. At these limits, we
can observe all of the thermally-pulsing asymptotic giant branch (AGB) populations
and part way down the red giant branch (RGB). The red clump, representing helium
burning giants, lies ~ 2 mag below the sensitivity limit of these data. The extinc-
tion in near-infrared (NIR) is small throughout the LMC and negligible on average
everywhere but the inner degree of arc. Together with the high quality of 2MASS
photometry (cr^ ~ 0.03"*), overall zero-point stability (better than 0.01"*) and with
reliable identification of LMC populations, the survey is ideal for studies of spatial
structure of the LMC or its evolution.
Our LMC field is ^ 250 sq. degrees and covers the range from 4'*00'" to 6'*56"'
in right ascension and from -77° to -61° in declination (coordinates in J2000.0).
The initial sample of 7, 092, 894 sources is drawn from the Working Survey Data
Base and includes possible artifacts, such as filter glints and diffraction spikes from
nearby bright stars, source confusion, and detection upper-limits. The known con-
taminants and flux statistics are well-characterized and identified during processing
(Cutri et al. 1999). Eliminating artifacts and requiring detections at all bands with
am.leO.IV (SNR > 10) leaves 1, 246, 304 stars. Unlike the released catalog, these data
6
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Figure 2.1. Distribution of 2MASS sources in the LMC field. Contour levels are
labeled in units of 10^ deg-^. Arrow points in the direction to Galactic center.
contain multiple apparitions sources because of scan overlaps. We identify the multi-
ple entries based on 1) spatial proximity (|Ar| < 2"), and 2) matching /^-photometry
(|Ar| < 5a). Note that this procedure differs from that of the 2MASS catalog release
(see Cutri et al. 1999). Our final sample contains 823,037 sources.
The spatial distribution of these stars is shown in Figure 2.1. The figure shows
major structural components of the LMC, the bar and disk, immersed in the field
of Galactic foreground. The gradient of the foreground sources (the direction to the
Galactic center is indicated by an arrow) distorts the isopleths of the outer LMC disk.
The source density near the optical center of the bar (at a = 5'*24'", 5j2ooo = -69°44')
exceeds 3.6 x 10^ deg~^. The expected mean separation among sources at this density,
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C = ~ 20", is much greater than 2MASS resolution and therefore confusion
should not be significant (see also Wood 1994). As a separate check, we have examined
the source counts as the function of magnitude in dense central fields and in more
sparse fields in the outer LMC. The distribution of source counts as a function of
magnitude have similar shapes in both dense and sparse regions, consistent with low
confusion.
We have cross-correlated our sources with the database of long-period variables
(LPV) from Hughes k Wood (1990). Their sample includes 376 large-amplitude Mira-
like variables and 224 smaller amplitude semi-regular variables. We find 370 (98.4%)
and 224 2MASS counterparts, respectively^ Three of the 'missing' large-amplitude
variables are present in the raw 2MASS data, but are degraded by artifacts (two
diffraction spikes and one blend). Of the remaining three, two are matched by stars
of the appropriate magnitudes within 7" radius, and only one does not have any
match to within 20" radius. All 134 Wolf-Rayet stars in the LMC (Breysacher 1999)
have been observed by 2MASS (van Dyk et al. 1999).
2.1.1 Kg vs. K Photometry
The 2MASS photometric system is similar to CIT/CTIO system (Elias et al. 1982),
except that it uses Ks band (2.00- 2.32 /^m) rather than K band. The Ks ('K-short')
bandpass is described by Persson et al. (1998). It was designed to reduce the ground-
based thermal background. The transmissivity curve for the filter is given in Persson
et al., who also compared Kqit with Ks photometry for a set of solar-type stars and
red standards (see their Tables 2 and 3, respectively). Based on their data, the differ-
ence K — Kg shows no significant systematic trend in the color range 0 < J - A" < 3.
The strongest trends follow from the presence of CO-band absorption, which affects
the K filter more than the Kg filter. The absolute value of the difference \K - Kg\
^The search radius extends to 5" from the listed positions of sources.
8
is less than 0.05- and we will assume A', = K^jr in comparing CIT/CTIO system-
based stellar sequences with 2MASS data.
2.1.2 Interstellar Reddening
One of the advantages of 2MASS as compared to optical surveys is low interstel-
lar reddening, since extinction at 2^m is approximately 10 times smaller than in V.
The values of interstellar reddening Eb-v found in the literature^ fall in the range
between 0.08 (Mateo k Hodge 1987) and 0.20 (Harris et al. 1997). The distribution
of reddening from Harris et al. (1997) has non-Gaussian tail to high values. Greve et
al. (1990) have reported values as high as Es^v = 1-1, found from their investigation
of dust in emission nebulae in the LMC. Bessell (1991) has summarized reddening de-
terminations from photometry, stellar polarization and HI column densities to derive
foreground and intrinsic mean reddening in the Clouds. He obtained typical LMC
internal reddening of 0.06 (with substantial variations), and foreground reddening in
the range 0.04 - 0.09. Galactic foreground reddening can be surprisingly large in the
outer regions of the LMC: Walker (1990) reported Eb^v = 0.18 ±0.02 at NGC 1841,
about 15° from the optical center of the LMC. On the other hand, in the cluster GLC
0435-59 (Reticulum), 11° from the LMC center, the reddening is only Eb-v = 0.03
(Walker 1992). Zaritsky (1999) has indicated that reddening for F and G stars in the
LMC is much less than that for OB stars and derived the average < Eb-v 0.03
for late-type stars in the disk.
In the present study, the data are not dereddened. Rather, each diagram shows
the direction and magnitude of the reddening vector for a specified value of Eb-v-
The reddening vector is based on relations from Koornneef (1982):
Ak = 0.189Eb-v; Ej-k = 0.651^B_v,
^foreground plus LMC internal reddening
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for R
- Av/Eb-v = 3.1. Information about the reddening may be obtained directly
from 2MASS data from the analysis of the color-color diagram (see below).
2.2 Analysis of the Color-Magnitude Diagram
Figure 2.2 shows the color-color (J - H vs. H - A',,) diagram of the LMC for
823,037 2MASS sources selected in §2.1. The diagram shows relatively few distinct
features. The most prominent among them the extended 'arm' of the thermally-
pulsing AGB stars (TP-AGB) in the upper right corner. Typical colors of LMC
M giants are in the range 0.2 < // - < 0.3, J-H> 0.8 (Frogel k Blanco 1990).
Most stars on the extended arm, with colors redder than J-K, = 1.6 are carbon-rich
stars (Hughes k Wood 1990). Of those with the extremely red colors, J - /\, > 2.0,
many probably possess dusty circumstellar envelopes. The sample contains ~ 2000
such sources. Their locus is consistent with the track following the reddening vector
for H - A', > 1.0"\ Figure 2.2 also shows fiducial color tracks for both giants and
dwarfs from Wainscoat et al. (1992; hereafter W92). The two sequences overlap near
H - K, = 0.15, J - // = 0.5, since NIR colors of late G — early M type dwarfs are
the same as colors of late F — early K type giants.
Because of the small number of features and the general compactness of the color-
color diagram, its usefulness in discriminating the major populations is limited, es-
pecially in the overlap region, 0.5 < J - A',, < 0.8. However, some LMC populations
which occupy distinct regions in the diagram can still be identified based of their lo-
cation in the color-color plot (see Figure 2.2). In particular, the color-color diagram is
quite useful in identifying candidate sources with large infrared excess, such as young
protostars, cocoon stars, or obscured AGB carbon stars.
The color-color diagram may he, used to determine the reddening distribution.
The giant population forms a tight branch in near-infrared colors. The reddening
direction nearly coincides with ./ - K,^ and therefore the distribution in ,/ - I< of
10
Figure 2.2 Left panel: Color-color diagram of the LMC field. Contour levels are
logarithmic, from 2 to 6.5, spaced by 0.5. Diagonal lines are lines of constant J - K,
values (marked). Color sequences of dwarfs (solid line) and giants (dashed line) from
W92 are shown. Reddening vector for Eb-v = 1.0 (indicated by arrow) is based on
relations from Koornneef (1982), assuming = 3.1. Right panel: Color-color diagram
showing approximate positions of some LMC populations. Shaded area corresponds
to Wolf-Rayet stars (Breysacher 1999); region outlined by dashed lines encompasses
known LMC B[e] stars (Gummersbach et al. 1995), open squares show individual
observations of four LMC protostars (from Westerlund 1997). W92 fiducial colors of
dwarfs (thick solid line) and giants (thick dashed line) are indicated. Region occupied
by carbon stars in the sample of Costa k Frogel (1996) is shown with solid lines.
Dotted line corresponds to J - = 1.6. Reddening vector is drawn for Eb-v = 1-0.
a sample from narrow color interval m J - H along the giant branch provides a
sensitive diagnostic for reddening by dust. We considered a sample of sources in the
range 0.78 < J - H < 0.85. The resulting shift of the peak is A(J - K^) < 0.03
(A(J — Kg) < 0.06) outside (inside) of the central region, suggesting only minor
reddening on average on scales larger than 0.1 square degrees.
The color-magnitude diagram (CMD) presented in Figure 2.3 reveals a wide vari-
ety of details. Our goal is reliable identification criteria for LMC stellar populations
based on their positions in the diagram. The CMD is hand-shaped with vertically-
stretched 'fingers' (e.g., at J - Kg colors of 0.4, 0.6, 1.1) due to varying distance
11
Figure 2.3 Left panel: Color-magnitude diagram of the LMC field. The density
levels are logarithmic, from 2 to 6, spaced by 0.5. The reddening vector corresponds
to Eb-v = 1-0. Right panel: The same diagram with highlighted 12 regions discussed
m text. The regions correspond to major features of the CMD.
modulus for both Galactic and Magellanic sources. We have identified 12 regions
shown in Figure 2.3 that highlight distinct features of the CMD. The regions are
marked A through L and enclose 99.7% of the 823, 037 sources in the field. To iden-
tify stellar populations in each region, we use a combination of several techniques.
The Galactic foreground contribution is modeled by a synthetic CMD based on the
tabulated near-infrared model of W92. The LMC populations are identified based on
the infrared photometry of known populations found in the literature. In addition, we
do a preliminary isochrone analysis, where we match the features of the CMD with
Girardi et al. (2000) isochrones to derive the ages of populations and draw evolution-
ary connections among the CMD regions. The details of our population matching
procedure are given in §2.2.1. In addition, we use the spatial density distributions of
sources in each region to better discriminate local and LMC populations. The spatial
distributions for each region are shown in Figure 2.4. In each panel of the figure, we
plot source density contour levels of 15, 30, 60, 120, 240, 350, 480, 960, 1920, 3840,
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Figure 2.4 Spatial density distributions of sources in CMD regions. Letters corre-
spond to the regions introduced in Figure 2.3. The distributions are kernel smoothed
with a Gaussian kernel. The same sequence of contour levels is used in each panel
(see text). Contour level of 120 deg~^ is highlighted.
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7680, and 15000 deg-. The contour levels are selected both to show the underlying
density profiles with maximum details and facilitate the comparison among different
population densities. However, due to strong variations in relative density in the
CMD, not all contour levels in this sequence are displayed: in panels E and I the
lowest density contour corresponds to 60 deg-^, in panels B and C the contours start
from 240 deg-^, and in very dense Region D the lowest contour level is 960 deg-^.
2.2.1 Identifying Stellar Populations
The initial analysis of the CMD regions has two parts: 1) use of the spatial density
distribution to estimate the location (Galaxy or LiMC); and 2) use of the theoretical
colors/isochrones to derive the properties of the population, such as age, approximate
spectral class and distance modulus. Here we describe the procedure of identifying
the populations, before examining each region of CMD in detail.
The CMD of the LMC field (Fig. 2.3) contains both Galactic and LMC popula-
tions. To quantify Galactic foreground, we use near-infrared model of W92, based on
8-25 micron point source counts. Galactic model of W92 has five structural compo-
nents: exponential disk, bulge, stellar halo, spiral arms and molecular ring. The main
contribution to the Galactic source density toward the LMC (/ = 280.5; b = -32.9°)
is the exponential disk. The source density due to other Galactic structural compo-
nents combined does not exceed 0.0005% in any region of the CMD. The luminosity
function in W92 model is represented by a sum of stellar classes, allowing indepen-
dent estimate of the contribution of each class to the CMD. Each class of source is
assumed to have a Gaussian distribution,
yV(M)ocexp[-Hf^
To model the Galaxy, we use the first 33 classes from Table 2 of W92 (Galactic dwarfs,
giants and supergiants). The remainder (AGBs, planetary nebulae, etc.) are expected
to give only a small contribution to source density and thus do not affect the CMD. In
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the Galactic model, we use reddening parameters from Rieke & Lebofsky (1985). Dust
is assumed to follow a double exponential distribution, with the radial scale length
of the disk and the scale height of 100 pc. We reduced the magnitude dispersion a
of each stellar class by ten to accurately represent the CMD. Reducing a results in a
spiky differential luminosity function but this does not affect our application and the
cumulative luminosity function remains well-approximated. Given the granularity
of the model, the agreement between original W92 luminosity function and ours is
acceptable. Our synthetic 'foreground' CMD is shown in Figure 2.5, along with the
observed CMD of a Galactic field \ The agreement between the model and observed
CMD is good, with few easily explainable discrepancies. For example, the extension
of the CMD at J - /r, > 1, ir, « 13 - 14 is due to the population of field galaxies
(Jarrett et al. 1998).
Conclusions about the LMC populations in the CMD are made based on isochrone
fitting or on empirical matching of populations found in the literature to features of
the CMD. We use theoretical isochrones from Girardi et al. (2000). These isochrones
supersede Bertelli's set (Bertelli et al. 1994), and use updated opacities and equa-
tions of state. The isochrones follow the evolution of low- and intermediate-mass
stars (O.15M0 < M < IMq) from the main sequence up to the tip of the RGB or
the start of the thermally-pulsing AGB. Some LMC populations are identified by
matching morphological features of the CMD with colors of known populations from
the literature. In particular, we use Cepheid colors from Madore k Freedman (1991),
early M supergiant color sequence from Elias et al. (1985), and data on long-period
variables from Hughes & Wood (1990). This matching is purely qualitative and is
only used as a supplement. The fiducial colors of Galactic giants and supergiants
from W92 model are unsuitable for LMC, since LMC has a lower metallicity com-
^To define our Galactic field, we combined three small fields, each 0.6 sq. deg. These fields
were selected at the boundary of our LMC field where contamination from LMC source is minimal.
At the time, other contiguous fields were not available.
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Figure 2.5 Comparison of (a) observed CMD of a Galactic field and (b) the synthetic
Galactic CMD from W92 model, as explained in text. Densities in both diagrams are
normalized to unity. The contour levels are logarithmic, from -0.5 to
-3.5, spaced
by 0.5. Similar plots for each stellar class and for each structural component of the
Milky Way allows unambiguous determination of populations responsible for observed
CMD features.
pared to the Milky Way. Moved to the LMC distance, /i = 18.5, the W92 giant
branch provides a poor fit to the observed RGB (see Figure 2.7 below).
2.2.2 Region A: Blue Supergiants, O Dwarfs
These blue-colored sources are readily identified as early type Population I stars
in the LMC. This group of stars is the evidence of recent (< 30 Myr) star formation.
Plotting the theoretical evolutionary tracks in the CMD (Figure 2.6) confirms that
the region is populated by blue supergiants and brightest dwarfs (ZAMS). Only the
hottest and most massive dwarfs of types 03—06 can be seen in the LMC at // = 18.5.
All other main sequence (MS) populations are too faint and fall below the limit
at SNR =10 imposed for this work. The supergiant population in the region are
core helium-burning stars with masses 4 < M < 9Mq. These stars spend most of
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their post-MS lifetimes as blue or red supergiants (Maeder k Meynet 1989) looping
between Regions A and H of the CMD (cf. Figure 2.6b). Region A encompasses stars
which are at the blue tips of their blue loops. While crossing Regions B and C, these
stars enter the instability strip and become Cepheids (see §§ 2.2.3, 2.2.4).
The spatial distribution of these objects also clearly indicates an LMC popula-
tion. The distribution is rather clumpy with several richest OB associations outlining
the location of spiral arms and brightest and largest HII regions (e.g., 30 Dor). The
density concentrations in Fig. 2.4A are consistent with the well-known superassocia-
tions and Shapley's Constellations (Martin et al. 1976, van den Bergh 1981). These
youngest populations do not trace the bar of the LMC, in agreement with de Vau-
couleurs & Freeman (1973). Quantitative analysis of the distribution (see Chapter 3)
puts the centroid of the population at a = 5'^23"', S = -68°48', about 1° north of the
optical center of the bar.
The Galactic population of early dwarfs is readily seen in the CMD directly above
Region A, blueward of Region B. The apparent magnitudes of these stars suggest a
distance modulus between 5 and 10 (r ~ 0.1 - 1 kpc). In addition, this area of the
CMD may also contain contribution from field blue stragglers and blue horizontal
branch stars.
2.2.3 Region B: Galactic Disk F—K Dwarfs, LMC Supergiants
Region B is a vertically stretched band in the CMD with J - Kg = 0.2 - 0.5. This
color cut isolates the main sequence turnoff of the halo {J - Kg ^ 0.3) and the disk
{J~Ks ~ 0.4). The spatial density distribution increases toward NE corner of the field
(Fig. 2.4B), i.e. toward the Galactic center, and indicates a predominantly Galactic
population. The vertical extent in the CMD indicates a wide range of distance moduli
for these stars. Based on relative population abundances in our synthetic Galactic
CMD, we conclude that these sources are disk dwarfs of spectral classes in the range
from late F to early K. These stars account for ~ 90% of the foreground source density
17
in the region. Their position in the CMD (see Figure 2.6a) suggests that the dwarfs
have distance moduh = 3 - 10 (r ~ 0.04 - 1.0 kpc). Galactic giants in the region
are of types F-G, but their contribution to foreground source density is insignificant,
smaller than 5%.
The distorted shape of the central isopleth in Figure 2.4B suggests presence of
the LMC population in this region. The isopleth outlines the structure similar to the
one seen in the central regions in Figure 2.4A. Note the overdensity near a = 5^0-,
6 = -69° and a = S'^SS-, 6 = -67°30', marking positions of superassociations IV
and V, respectively (Martin et al. 1976). Based on the colors, the LMC component
is comprised of young blue and yellow supergiants, corresponding to spectral types
A—G. This population includes luminous blue variables and short period Cepheids
(P < SO'^). Figure 2.7b shows the Cepheid sequence based on PL relations for LMC
Cepheids (Madore & Freedman 1991). Figure 2.6b also shows the colors of super-
giants from W92 (Table 2). In addition, Region B contains the majority ( > 80%) of
the known LMC Wolf-Rayet stars. Most LMC Wolf-Rayet stars have infrared colors
in the range 0 < J-T^T^ < 0.5. Their numbers, however, are not significant to produce
an observable effect in the CMD density.
2.2.4 Region C: Disk K Dwarfs and K Giants, Young Supergiants in the
LMC Bar
Similar to B, Region C is stretched along the magnitude axis, indicating that
the CMD feature is formed by sources at a range of distances. The colors of this
population are in a tight range, A(J - Kg) ~ 0.3. Our synthetic Galactic CMD
suggests that most (~ 70%) of the observed density in this region is produced by disk
K dwarfs at /i < 9 (r < 600 pc). Disk K giants are also present in this region. Most
of them have /i ~ 6 — 13 (r ~ 0.2 — 4 kpc). They contribute ~ 20% of the foreground
density. The inspection of isochrones in Figure 2.6a suggests that Galactic giants in
this region are in the evolutionary phase of red clump/horizontal branch stars. The
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Figure 2.6 Part of the CMD showing Galactic and young LMC populations, (a)
Galactic dwarf populations in 2MASS CMD. Solid line: theoretical isochrones for
r = 7 Gyr, Z = 0.019, = 9.0, Eb-v = 0.1, representing intermediate/old Galactic
disk population; dashed line: isochrones for r = 14 Gyr, Z = 0.0004, = 9.0,
Eb-v = 0.1. Fiducial unreddened dwarf colors from W92 (for = 9.0) are indicated
by filled squares, with the approximate spectral types marked in the top axis. The
reddening vector corresponds to Eb-v = 0.2. (b) Young LMC populations. Solid line
shows the theoretical isochrone for r - 60 Myr, Z = 0.008, = 18.5, Eb-v = 0.2.
Empirical colors for Cepheids (Madore & Freedman 1991) are shown with triangles
and mark the location of the instability strip in the diagram. Stars show fiducial color
sequence of supergiants (I-II) from W92. Dashed line shows the tip of the ZAMS at
/i = 18.5, corresponding to hottest 03-06 dwarfs. Colors of Cepheids, supergiants
and O dwarfs are unreddened. The reddening vector corresponds to Eb-v = 0.2.
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Figure 2.7 Part of the CMD showing intermediate and old LMC populations.
Theoretical isochrones represent prototype populations — solid line: r = 11 Gyr,
Z = 0.004, II = 18.5, Eb-v = 0.2; dashed line: r = 4 Gyr, Z = 0.004, ^ = IS.si
Eb-v = 0.2. The long-dashed line shows the isochrone for Galactic RGB stars, r = 9
Gyr, Z = 0.019, ^l = 10.0, Eb-v = 0.0. Fiducial unreddened RGB color sequence
(W92) at /X = 18.5 is shown with squares, with approximate spectral types along the
sequence marked in the top axis. The reddening vector corresponds to Eb-v = 0.2.
intrinsic brightness and color of these stars [Mk = -1.4 ± 0.1, J - = 0.6 ± 0.1)
make them natural candidates in this region. Because of the narrow magnitude range
of the clump, the source distribution in Region C along the magnitude axis could
help constrain the structure of the Galactic disk.
The LMC population in Region C (seen in Figure 2.4C) is slightly older than
youngest supergiants in Regions A, B. The central isopleths of the figure outline the
bar of the LMC and show no overdensity at the positions of superassociations, seen
in previous two regions. Most of the LMC sources in Region C have Kg > 10.5. The
similarity in the shapes of central isopleths between Fig. 2.4C and 2.41 suggests they
are lower mass young supergiants with ages 300 — 500 Myr, evolving into Region I
(Figure 2.6a). These stars trace the bar of the Cloud (Grebel k Brandner 1998).
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Some contribution from more massive supergiants, including longer-period Cephei.ls
{P ^ lOO'^) may also be present.
2.2.5 Region D: Disk G-M Dwarfs and LMC RGB and Early AGB Stars
Region D is the most heavily populated area of the CMD: it includes more than
a half of all sources in the sample. Because of its position in the CMD and the large
color range it spans (0.25 < J - < 1.2), this region is also the most inhomoge-
ncous. The spatial distribution, shown in Figure 2.4D shows both the foreground and
LMC populations (note the distorting effect of Galactic populations on outer LMC
isopleths). The observed CMD is distinctly bimodal in this region, with the rod half
populated by RGB and early AGB stars in the LMC, and the blue half populated
mostly by G-M dwarfs in the Galaxy. The AGB stars in the red half of the region
[J
-Ks> 0.7) are in their 'early-AGB' (E-AGB) phase, during which the energy is
produced in the thick helium shell and outer hydrogen shell is extinguished. These
stars have recently passed the base of the AGB, the so-called 'AGB-bump' at K,, ^ 16
that marks the transition from core to shell helium burning (Castellani et al. 1991).
The AGB-bump was first observed by Hardy et al. (1984) in their CMD of the LMC
bar. At only « 1 mag brighter than the horizontal branch, this feature is not vis-
ible in the CMD in Figure 2.3 although it is present in deeper data (Figure 2.10).
Empirically, most stars at the E-AGB are M type (oxygen-rich).
Only foreground stars are a minor contributor to the red half of Region D. (cf.
Figure 2.5). Galactic dwarfs in this region have ~ 8 - 11 (r ~ 0.4 - 1.6 kpc).
Populations contributing insignificantly to the source density in this region include
young supergiants, Cepheids, intermediate mass red stars in the vertically extended
red clump (VRC; see §2.2.10).
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2.2.6 Region E: Upper RGB and Tip of the RGB
Region E covers the upper RGB and includes the tip of the RGB (see §2.3). Most
of these stars are on the first-ascent red giant branch; they have degenerate heli
cores and hydrogen burning shells. The majority of these stars have ages anywh
between 1 and 15 Gyr old. The tip of the RGB is defined the helium flash, the
ignition of th(; degenerate helium core in old (low-mass) stars (Renzini k Fusi Pecci
1989). Stars at the TRGB ignite helium in their cores and evolve rapidly to the
horizontal branch. The region also contains a significant fraction of AGB stars in
transition from E-AGB to TP-AGB, the stage at which the outer hydrogen shell is
re-ignited (Iben k Renzini 1983). During thermal pulses, the star begins alternating
between hydrogen and helium shell burning. The transition from E-AGB to TP-AGB
is theoretically predicted to occur near the TRGB. While on the TP-AGB, these stars
may also experience the shorter-term atmospheric pulsations that lead to Mira-type
variability. Analysis of MACHO data (Alves et al. 1998b, Wood 1999) suggests that
essentially all stars brighter and redder than the TRGB are variable. Most of the
E-AGB stars in this region are M stars. Extrapolated to brighter magnitudes, the
sequence of oxygen-rich AGB stars extends to Regions F and G (§§2.2.7, 2.2.8).
Stars in this region of the CMD carry the most weight in our analysis of the
RGB-KAGB luminosity function (see §2.3). Their spatial distribution is relatively
smooth, showing strong disk and bar components. Note the absence of significant
foreground population in Figure 2.4E: the outer contours are elliptical in shape. A
small fraction of foreground sources in this region is due to disk M dwarfs. Their
density is steadily increasing toward fainter magnitudes (cf Figure 2.5).
2.2.7 Region F: O-Rich AGBs
Region F contains primarily oxygen-rich AGB stars of intermediate age ( > 1 Gyr)
that are tlu; descendants of stars in R(>gion E (note the similarity between Fig. 2.4E
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and 2.4F). These are E-AGB and TP-AGB stars. The outer CMD isopleth this
region (Figure 2.3) is distorted and extends into Region J and indicates the presence
of carbon stars in this region. During thermal pulses, the outer convective envelope
may reach into the region where He has been transformed into C and bring carbon-
enriched material to the surface. This dredge-up process leads to an increase in C/0
ratio, and M stars in Regions F and G may become carbon stars. In the CMD, carbon
stars form a 'branch' with redder colors, J-K,> 1.4 (see §2.2.11). Some fraction
of Region F stars are LPVs (see Figure 2.8) and reddened supergiants. Figures 2.4F
and G do not show isopleths due to a Galactic population. The Galactic component
in these regions are negligible because it is both too bright and too red for disk M
dwarfs and too faint for Galactic AGB stars.
2.2.8 Region G: AGB Stars
Region G contains the most massive stars with degenerate C/0 cores. This is a
population of young AGB, post core-helium burning stars with initial masses between
about 5-8 solar masses. These are too short-lived to become carbon stars (0.1-1
Gyr old), but not massive enough to become red supergiants. Similar to Region F,
this region also includes LPVs (Figure 2.8). The period-color relation for oxygen-rich
Miras derived from Feast et al. (1989) rather closely traces the young AGB branch
of the CMD outlined by Regions F and G. Region G lies at bright enough apparent
magnitudes that the foreground density of M dwarfs is low, even in comparison to
the relatively small number of 0-rich luminous AGB stars in the LMC.
2.2.9 Region H: LMC K—M Supergiants, Galactic M Dwarfs, K—
M
Giants
Panel H of Figure 2.4 reveals an LMC population. The spatial distribution is
similar to the distribution of young OB stars (Region A), suggesting that these objects
are also relatively young. At = 18.5, these stars are too bright to be normal M
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Figure 2.8 Portion of the CMD showing evolved stars. Crosses indicate M super-
giants Ml—M4 from Elias et al. (1985), solid triangles— K-type LPVs, open squares
— M-type LPVs, and solid squares — C-type LPVs from Hughes & Wood (1990).
Arrows at left show the theoretical tip of the RGB stars and the lower luminosity
limit for thermally pulsing AGBs. The reddening vector is for Eb-v = 0.5.
giants. Based on their near infrared colors, we identify the Region H sources as
supergiants of M type. They trace the spiral structure of the LMC and do not show
significant overdensity in the bar of the Cloud, consistent with a young population.
The masses of these stars are believed to be ~ 2 — 9 solar masses (Bertelli et al. 1985).
In the evolutionary sequence, these stars are descendants of stars in Region A (note
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the similarity between corresponding panels in Figure 2.4). These stars are also the
high mass extension of the VRC.
In Figure 2.8, we plot the observed colors of M1-M4 supergiants from the sam-
ple of Elias et al. (1985). The colors of their sample occupy a portion of Region H,
supporting our identification. The Galactic foreground consists of roughly e(,ual con-
tributions from disk K-M giants and M dwarfs, but their overall contribution to the
source density in the region is only a few percent. This is confirmed by the absence
of the Galactic isopleths in Figure 2.4H.
2.2.10 Region I: LMC Intermediate-Mass Red Supergiants, Galactic K—M Dwarfs
Region I is located at the center of the CMD, at 0.7 < J-K^ < 1.0. The observed
overdensity in the CMD is associated with the vertically extended red clump (Zaritsky
k Lin 1997). This feature consists of intermediate mass stars and is the low-mass
extension of the red supergiants (Region H). The VRC extends upward from the red
clump at K,^n and becomes visible in the CMD near K, = 13.5. At the this point,
the redward slope of the RGB is sufficient to distinguish the VRC.
The spatial distribution is dominated by the bar and shows traces of the spiral
structure. We conclude that this LMC population is young, with the age < 500
Myr. The major LMC contributors to the source density in this region are K and
M supergiants. This is supported by the overall similarity of LMC isopleths in Fig-
ures 2.41 and 2.4H, and also the fact that Region I is at the extension of Region H
to fainter magnitudes and lower masses. Figure 2.8 shows K and M type Miras and
SR variables in the sample of Hughes k, Wood (1990). A significant fraction of their
variables falls in this CMD region suggesting that some of these 2MASS stars also
are variables.
The distribution in Figure 2.41 also reveals foreground populations. The Galactic
foreground consists of M and late K dwarfs. Galactic giants contribute less than 5%
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of the foreground density. The dwarfs are located in the disk, with distance n.ochUi
= 5 - 8 (r ~ 0.1 - 0.4 kpc; Figure 2.6). The contribution from the Milky Way halo
is smaller than 0.0005% by number for this and for all other regions of the CMD.
2.2.11 Region J; Carbon Stars in the LMC
At J-K,> 1.4, Region J sources are primarily carbon-rich TP-AGB stars. These
stars are descendants of oxygen-rich TP-AGBs in Regions F and G. Their outer layers
are enriched in C through convection from stellar interior. As mentioned in §2.2.6,
most of these stars are long-period variables. The variability cannot be determined
based on single epoch 2MASS data, but the well-defined sequence motivates a follow-
up campaign. Figure 2.8 shows the sample of C-rich LPVs from Hughes & Wood
(1990) overplotted on the 2MASS CMD. The contamination by M-type LPVs is
small. The spatial distribution of C stars in the field is similar to the distribution of
their precursors (Figs. 2.4F). The distribution is rather smooth and shows a loop of
stellar material^ which has been described by Westerlund (1964). The loop is the
extension of the main northern spiral arm circling the main body of the system and
returning toward the bar after a nearly complete turn.
Sources in this region of the CMD oflfer the best opportunity to study the three-
dimensional structure of the LMC for two reasons. First, the spatial coverage of the
Cloud achieved by 2MASS is total and allows to probe the entire LMC. Second, as
long-period variables. Region J stars are potentially good standard candles, since their
intrinsic luminosity can be characterized based on their period or color. Given the
selection eflficiency^ and easily quantifiable intrinsic brightness through the period-
luminosity-color relation (e.g.. Feast et al. 1989), these stars are excellent probes of
the LMC structure along the line of sight. Preliminary results (WN) indicate that
the width of the intrinsic brightness distribution is smaller than cr^ = 0.2 magnitudes
"^The feature to the SE of the bar in Figure 2.4.1, near a « 5''50"', 6 « -73° represents a hole in
the disk.
''owing to their extremely red colors, these stars are uncontaminated by other populations
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in a narrow color range, A(J - A'.,) ^ 0.1. At tins accuracy, these standard candles
can resolve features in the LMC at Ar ^ 4.5 kpc. 2MASS detected approximately
10" potential carbon LPVs and these are sufficient to attain a reasonable confidence
level in the inferred spatial structure. In Weinberg & Nikolaev (2000), we present our
study of the three-dimensional structure of the LMC.
2.2.12 Region K: Dusty AGBs
An extension of Region J, Region K contains extremely red objects. We identify
them with obscured AGB carbon-rich stars. Their large J - colors are due to
dusty circumstellar envelopes {Eb-v > 1). The latter is confirmed by the appearance
of their spatial and CMD distributions: (1) Figure 2.4K shows traces of the spiral
structure outlined by these sources; and (2) the distribution in the CMD spreads
from the end of Region J in the direction of reddening vector. Matching with existing
near infrared photometry of obscured AGB stars in the LMC (Zijistra et al. 1996,
van Loon et al. 1998) shows that most of these sources are indeed in this region of the
CMD. Other extremely red populations could also be found here, e.g. 'cocoon' stars
(Reid 1991), or OH/IR stars (Wood et al. 1992, van Loon et al. 1998). In addition,
two of the known LMC protostars, N159-P1 and N159-P2 (Jones et al. 1986) also fall
in this region.
2.2.13 Region L: Reddened LMC M Giants, Galactic M Dwarfs and
2MASS Galaxies
Stellar sources in Region L are reddened M giants in the LMC and a small number
of reddened Galactic M dwarfs. However, a significant number of sources in this region
are background galaxies. The predicted CMD density in Region L due to Galactic
stars is too low even after the decrease in the photometric quality near the flux limit
has been taken into account; the decreasing signal-to-noise ratio causes the apparent
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widening of the contour levels (see Figure 2.5). According to Jarrett et al. (1998),
more than 90% of 2MASS galaxies have colors redder than J-K, = l.
The spatial distribution of sources (Figure 2.4L) shows some overdensity toward
the center of the LMC. The densest part of the diagram corresponds to the position
of 30 Doradus complex. Traces of spiral structure of the LMC are also visible. Based
on their colors, these sources are heavily obscured RGB stars in the LMC: they lie
in the direction of the reddening vector from the RGB. The inferred reddening for
these sources, Eb-v ~ 0.5, is consistent with the extended tail of the LMC reddening
distribution (Harris et al. 1997). Region L also includes contribution from massive
(> IOM0) protostars and ultra-compact H II regions, see Figure 2.8.
A population of dwarfs is implied by the outer isopleths of Figure 2.4L that show
the increase in the direction of Galactic center. These are local M dwarfs in the disk
of the Milky Way, with ~ 5 - 8 (r ~ 100 - 400 pc).
2.3 Luminosity Function of LMC RGB and AGB Popula-
tions
We derive the LMC giant branch luminosity function (LF) from the color-magnitude
diagram after subtracting Galactic foreground. Since we did not have the access to
Galactic data at the time, the foreground contribution was estimated from three small
fields located at the edges of our LMC field. We then scaled the resulting foreground
CMD to the entire LMC field by using the estimate for the number of Galactic sources
from our synthetic model. Figure 2.9a shows the field CMD for LMC populations
only, after subtracting Galactic foreground. The expected Galactic source counts is
~ 4 X 10^ or about 50%. The uncertainties in the observed CMD and in the Galactic
model result in negative density regions (dotted contours) in Figure 2.9. The average
negative density is — 10^-^ mag~^.
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The luminosity function of the LMC giants is obtained by projecting the color-
magnitude diagram perpendicular the straight Ime fit to the giant branch. The func-
tion is normalized to unity. Numerical values for the RGB luminosity function are
given in Table 2.1 and shown in the inset to Figure 2.9. A strong feature of the
LF is a significant excess at « 12.5, due to the TRGB. From the analysis of the
derivative of the apparent luminosity function, we derive the position of the TRGB
at = 12.3 ± 0.1. Brightward of the TRGB, the number of RGB stars drops off.
The increase in the number density at the faint end, > 14, is due to the increased
contribution from Galactic M dwarfs (cf. Fig.2.5). At the bright end of the magni-
tude range, U < < 12, the luminosity function is nearly constant. It is also well
above the expected number from extrapolated RGB counts. The fraction of RGB
stars is small in this magnitude range and most of the stars contributing to the LF
are on the AGB. As discussed above (§2.2.7), these stars tend to be oxygen-rich, but
carbon-rich AGBs (and LPVs) are also present.
We select two 2° x 1° fields, one near the optical center of the bar, and the
other one at a = 93°, 6 = -67.5° (J2000.0), near the outer loop, to compare the
observed M giants luminosity functions in distinct LMC environments. The outer
field is probing the LMC's outer loop dehneated by the evolved stars (see §2.2.11).
For each of the fields, we subtract the estimated Galactic foreground density scaled to
the surface area of the fields. Similar to Fig. 2.9a, inaccuracies in both observations
and models produce negative density regions. However, the average negative density
in these regions is small compared to the giant branch, only -10° '' mag~^ for bar
region and -10°-^ mag~^ for loop field. Comparing the two CMDs qualitatively, we
note that contribution of young OB stars and supergiants, at J - A'^ < 0.2, appears
stronger in the central regions of the LMC. Even though the luminosity functions
in the respective fields appear different, careful analysis shows that the difference is
superficial: x^/d.o.f.« 0.2, which gives no motivation to entertain any difference in
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Figure 2.9 Color-magnitude diagrams of the LMC populations and the apparent
luminosity functions of the LMC giants. Panels show CMDs of (a) entire field, (b)
bar field, and (c) outer loop field (see text). The CMDs are constructed by subtracting
Galactic foreground contribution from CMD in Figure 2.3, normalized to the same
sky area. Contour levels in all panels are logarithmic, spaced by 0.5, from 2.5 to 5.5
(a), 2.0 to 4.0 (b), and from 1.0 to 3.5 (c). Dotted lines indicate negative density
regions. Luminosity functions, normalized to unity, are shown in the insets of each
panel.
30
the parent populations. The bar LF is similar to the luminosity function of the entire
field (Figure 2.9a), which is not surprising because the source density in the LMC field
is dominated by the LMC bar. The bar luminosity function also has a pronounced
TRGB at Ks « 12.3 and a number density due to AGBs at 11< < 12. The sharp
increase due to Galactic M stars, seen in Figure 2.9a at A'. > 14, has disappeared in
the bar field, because we have boosted the ratio of LMC/Galactic counts by narrowing
down the field to the area of greatest LMC density. The off-bar LF shows only a mild
increase in the source counts at the location of TRGB, but has the same, roughly
constant profile at < 12, due to the AGB population, visible in the other two
luminosity functions. To quantify both LFs, we present their numerical values in
Table 2.1. The luminosity functions are given in relative units, normalized to unity.
The table also gives the source counts for the LMC giant branch. For the entire LMC
field we present the total counts per magnitude bin, and for the two smaller fields we
give stellar density (counts mag~^ deg"^).
We fit theoretical isochrones (Girardi et al. 2000) to each giant branch in Fig-
ure 2.9 to test for differences in metallicity between central and outer parts of the
LMC. We chose 20 equally-spaced grid points in magnitude between 14.3 and 12.3
and compute the peak in the distribution in J - K, at these fixed points. The
diflference between an isochrone (model) and the RGB (data) is characterized by the
cost function (mean integrated square error):
/ = E[(^ - Ks),,RGB -{J- + w [A-f - 12.3]^ (2.1)
3
where the second term is weighted measure of the match between theoretical magni-
tude at helium flash and observed TRGB. The weight w is an adjustable parameter
on the order of unity. The cost function (2.1) is minimized on a grid of param-
eter values, where the free parameters are the log-age r, metallicity Z, distance
modulus (1 and average reddening Eb-v- The best fit isochrones are as follows:
(r, Z, /7,, Eb-v) = (9.8 ± 0.3, 0.0041^0?, 18-45 ± 0.11, 0.21 ± 0.07) for the central field
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Snt's.
^'^
"""'-^^ density for the LMC
mag 1 log number flPTlQl f \r^dioi I* y
(mag ^ deg ^)
LoopLMC Bar Loop Bar
10.8 0.03 0.04 0.05 3. lb 2.17 1.16
11.0 0.05 0.06 0.09 0.44 2.32 1.39
11.2 0.07 0.08 0.10 Oct 2.50 1.46
11.4 0.08 0.09 0.09 3.65 2.54 1.40
11.6 0.08 0.09 0.08 O.OO 2.54 1.35
11.8 0.08 0.08 0.08 o.d4 2.48 1.33
12.0 0.09 0.12 0.11 3.68 2.63 1.47
12.2 0.19 0.24 0.21 4.U4 2.96 1.76
12.4 0.29 0.31 0.26 4.ZZ 3.06 1.87
12.6 0.36 0.37 0.30 4.oi 3.14 1.92
12.8 0.40 0.40 0.35 4.35 3 17 1.99
13.0 0.40 0.41 0.36 4.36 3.18 2.00
13.2 0.43 0.42 0.36 4.39 3.20 2.01
13.4 0.44 0.43 0.45 4.39 3.20 2.11
13.6 0.44 0.45 0.47 4.40 3.23 2.14
13.8 0.47 0.47 0.46 4.43 3.25 2.13
14.0 0.54 0.49 0.57 4.48 3.26 2.22
14.2 0.58 0.47 0.61 4.51 3.24 2.25
Number density for the entire field is given as source counts per magnitude
bin.
and (r, Z, /i, Eb-v) = (9.8 ± 0.4, 0.004lS;Sg?, 18.50 ± 0.13, 0.13 ± 0.09) for the outer
field (all errors statistical). These results imply an age range for RGB populations
from 3 to 13 Gyr with an average of 6 Gyr. The slope degeneracy of the isochrones
in the RGB makes specific tests of star formation history difficult. In particular, our
preliminary RGB isochrone analysis cannot distinguish between a continuous and sin-
gle/multiple burst star formation history of the Cloud prior to approximately 4 Gyr
ago. Overall, our results do not indicate a radial metallicity gradient and provide only
marginal evidence for larger reddening in central fields. The absence of strong metal-
licity gradients in the LMC is in agreement with results of Olszewski et al. (1991),
who found no evidence for abundance gradient for cluster system. Constant C/M
star ratio across the face of the LMC (Westerlund 1997) and Cepheid abundances
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(Harris et al. 1983) also support this result. Our results imply the range of abun-
dances for field populations
-0.8 <[Fe/H]<
-0.5, which . in good agreement with
the mean abundance [Fe/H]=
-0.58 ±0.05 (systematic) ±0.30 (statistical) for the in-
ner LMC disk (Cole 1999). Our results agree with the disk abundance [Fe/H]==
-0.7
(Cowley & Hartwick 1982), and with results of Bica et al. (1998), who derived the
range
-1.1 <[Fe/H]<
-0.4 with the average < [Fe/H]
-0.61 ±0.11 from fields
in the outer disk of the LMC.
The adopted detection threshold (SNR = 10; §2.1) leads to the effective com-
pleteness limit of « 14.3 in our data (cf. Figure 2.3). With this flux level, only
the upper RGB is visible, leaving out both the AGB-bump at ^ 16 and the red
clump at Ks^ir. To resolve the giant branch down to K, 16 - 17, we use 2MASS
engineering data, which includes six LMC scans, positioned as shown in Figure 2.10.
Each of the 'deep' scans has six times the standard exposure. The color-magnitude
o
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o
o
Q
6h40'» ei-OO" 5>'20'"
R.A. (J2000.0)
4M0"'
Figure 2.10 Positions of six 'deep' scans in the sky. Each scan has six times the
standard integration time.
diagram of the deep data is shown in Figure 2.11. Total rmmber of sources in the
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diagram is 87,093, of which 69,878 (~ 80%) are m the three bar scans. Because
of the bar dominance m deep data, the CMDs of the entire deep sample and the
bar scans (Figs. 2.11a and 2.11b, respectively) are similar. The increased sensitivity
reaches the AGB-bump at J - = 0.7, A'. = 15.8, but still shy of the red giant
clump. As with the main dataset, we quantify the deep RGB population by fitting
isochrones. The resulting best fit parameters are Z = 0.0041° gS^ r = 9.7 ± 0 3
18.50 ± 0.12, Es^y = 0.19 ± 0.08. The uncertainties here are statistical er-
rors, derived from the shape of the surface near minimum. The range of ages for
RGB populations inferred from the deep data is similar to that derived for the main
data set: from 3 to 10 Gyr, with the average of 5 Gyr. The other parameters are
also consistent with the values derived from the regular 2MASS data. These esti-
mates are in good agreement with recent results in the literature, e.g., the average
reddening Eb-v = 0.20 (Harris et al. 1997); the LMC distance from Key Project,
/i = 18.5 (Mould et al. 1999); the LMC distance from TRGB, // 18.59 ± 0.09
(Sakai et al. 1999).
2.4 Summary
We have analyzed the near-infrared CMD of the Large Magellanic Cloud and
identified the major stellar populations. The populations are identified based on
isochrone fitting and matching the theoretical CMD colors of known populations to
the observed CMD source density. Tables 2.2 and 2.3 summarize the contents of the
CMD regions.
The main points of this preliminary analysis of 2MASS data are the following:
• The quantity and the quality of 2MASS data allow unprecedented look at the
entire LMC. 2MASS has produced a rich sample of LMC sources, a few million
stars, with the photometric accuracy of 3-4%. JHK 2MASS photometry is
potentially useful for studying the star-formation history of the Cloud. Cross-
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Figure 2.11 'Deep' color-magnitude diagrams of the LMC. Panels show CMDs of (a)
all six deep scans combined, (b) three bar scans, and (c) three outer field scans. Panel
(d) is the same as panel (a), except also shows the best-fit isochrone for the RGB.
Galactic foreground is not subtracted. The contour levels are spaced logarithmically
by 0.5, from -3.6 to -0.1 (a,b,d), and from -3.7 to -0.2 (c). The lower RGB is
enhanced as compared to Figure 9. Weakness of RGB in panel (c) indicates strong
relative contribution from Galactic foreground. The red giant clump is just below the
completeness limit in this diagram, at A's « 17, J - Kg ~ 0.65.
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)le 2.2 Regions of interest
Region N,,, f^„,-
iBih^^MASS_CMD^^ Large Magellanic Cloud
Rcf^.uu boundaries Dominant Snprtr^l T.,.^^A t),ti59 0.15 11 < A", < 14.75
B 77,204
J - Ks < 0.2
0.80 5.5 < K, < 13.5
C 62,713
0.2 < J - < 0.5 1? \rr-K V
0.80 5 < A", < 13.5
D 440,472
0.5 < J - a:, < 0.8 K \l TTT
0.45 13.5 < a:, < 14.75
E 166,263
0.2 < J- a:, < 1.2 TC-M TTT P A/T \rrv-ivi 111, r-M V
0.05 12 < a:, < 13.5
22,134
0.9 < J - a:, < 1.2 A/T TTT A/r \riVl 111, iVl V
F 0 10.5 < a:, < 12
G
1 < J- a:, < 1.3
1,438 0 8 < a:, < 10.5
H
1.2< J-A:, < 1.5 M, MS
2,450 0.05 7 < a:, < 11
I
M I-II
21,986 0.55 n<K,< 13
0.75 < J - a:, < 1 K-M I-II, K-M V, M III
C III
J 8,229 0 9.5 < a:, < 11.5
1.4 < J - a:, < 2
K 2,212 0 9 < A-, < 13
2 < J - A', < 5 C III
L 8,940 0.01 12.5 < a:, < 14.75
1.2 < J- A', < 2.5 M late V
i vjo,ia,»^Ln^ ovjuiv^co camiidueu iiuiii syiiLiieiic vvyz moaei
•'Based on J - AT, color and W92; LMC populations in boldface
correlating 2MASS database with existing catalogs will provide homogeneous
and accurate IR photometry of supergiants (Sanduleak catalog), Wolf-Rayet
stars (Breysacher catalog), Cepheids (OGLE and EROS datasets), LBVs and
LPVs;
The color-color diagram is generally ill-suited to distinguish between giant (III)
and dwarf (V) populations, especially in the color range 0.5 < J - A'g < 0.8.
Nevertheless, the diagram may be useful in identifying some candidate LMC
objects with infrared excess, such as obscured AGB stars, B[e] stars, or LMC
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protostars. In addition, the distribution of J - A', colors of a population m a
narrow J - H color range is a sensitive reddening test;
Major populations can be identified based on the comparison of observed CMD
features with theoretical positions of known populations. Isochrone overplotting
provides tentative age and metallicity estimates. We identify a substantial LMC
population of AGBs ( > 10^ sources), and obscured AGBs (~ 2000 sources);
The luminosity function of the LMC giants is determined and tabulated. We
find the RGB tip at = 12.3 ± 0.1. Our preliminary analysis of luminosity
functions in two test fields suggest that luminosity function is the same in the
bar and the outer regions of the Cloud;
Fitting isochrones to the location of the giant branch (including TRGB) gives
metal abundances consistent between fields. In particular, we derive average
metallicity Z = 0.004^2:gS? for our fields. Analysis of deep data gives the same
average metallicity. Our results confirm the absence of strong radial metallicity
gradient in the field populations of the LMC;
The estimates of the distance modulus obtained from our isochrone fits to the
RGB, are consistent with each other and the most recent results in the literature.
The average reddening is marginally different between the bar and the outer
field, the Eb-v for the bar field being greater. Distance modulus and reddening
estimates from the analysis of deep data produces similar values;
The ages of dominant RGB populations fall in the range from 3 to 13 Gyr, with
the average age ~ 6 Gyr. Isochrone fits to the deep data produce similar age
interval, from 3 to 10 Gyr, with the average age ~ 5 Gyr. A more detailed
isochrone analysis is required to draw conclusions about the history of star
formation in the LMC prior to 3 - 4 Gyr ago;
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• Carbon-rich long-period variables are noted as potential standard candles. Due
to their significant numbers and narrow luminosity range (which may be parametrized
through a period-luminosity or luminosity-color relations), these stars are ide-
ally suited for studying the structure of the LMC along the line of sight.
38
Table 2.3 LMC stellar populations in the 2MASS CMD.
Stellar types ^
. ^
^
regions Typical age
Very Young
Centrally concentrated, localized to star-forming regions
trace spiral structure, weakly trace bar
03-06 dwarfs
^ < 10 MRed supergiants, 5 - SMq H < 50 Mvr
Luminous AGB stars, 0-rich LPVs ^
^r'~J^r
'
~ 40 - 100 Myr
Blue and yellow supergiants, LBVs A, B, C < 100 Myr
Massive protostars,
Cocooned OB associations L < 5 Myr
Young
Bar-dominated
Luminous E-AGB stars G, H 200 - 800 Myr
Core He-burning giants,
supergiants, M ~ 2 - SM©, LPVs I, D, C, H 100 - 900 Myr
E-AGB, oxygen-rich LPVs F, E, D < 1 Gyr
Carbon stars, C-rich LPVs J, K < 1 Gyr
Intermediate and Old
Disk and bar
Low- and intermediate-mass RGB stars D, E, L 1-15 Gyr
0-rich AGB stars, M-S-C stars F 1-4 Gyr
C-rich TP-AGB stars J 1 - 4 Gyr
Dust-enshrouded TP-AGB, carbon stars K 1-4 Gyr
i^breground and Background
Disk populations and extragalactic component
Disk main-sequence turnoff stars B ^7-9 Gyr
Nearby K dwarfs, red clump and red HB stars C, I < 9 Gyr
Local F-M dwarfs D, E varies
Background galaxies L
^Where a population is the dominant contributor to a region, it is labeled
in bold type.
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CHAPTER 3
LMC STRUCTURE FROM ANALYSIS OF
PHOTOMETRIC DISTRIBUTION
3.1 Introduction
Morphologically, the LMC is an irregular barred spiral galaxy with three spiral
arms and an extended outer loop of stellar material (de Vaucouleurs & Freeman 1973).
Based on deprojection and photometric distances (e.g. de Vaucouleurs 1957, 1980),
its disk is inclined at an angle of 27° to the plane of the sky. The disk exhibits solid
body rotation out to 2.5° with a rotation center at 5''21'^, -69°17' (1950), about 0.6°
north of the optical center of the bar. This kinematic signature is present in a variety
of tracers: HI gas, planetary nebulae, HII regions, supergiants, CH stars, etc. Free-
man et al. (1983) have examined kinematics of rich star clusters with ages between
100 Myr and 10 Gyr. They found that young clusters rotated with HI gas, while
the older ones (SWB VII; Searle et al. 1980) formed a flattened rotating system with
dispersion along the line of sight cr ~ 18 km/s. A later study of more extended sample
of outer LMC clusters (Schommer et al. 1992) confirmed the absence of isothermal
pressure-supported spheroid. All this has led to the standard view that the LMC is
a geometrically thin object.
However, recent studies have suggested that the LMC may have an extended
component. First, the evidence for a flattened spheroid population was found in the
kinematics of old long-period variables (Hughes et al. 1991). Kunkel et al. (1997)
describe a population of carbon stars out to 12 kpc from the LMC center. These
authors interpret these in the context of a thin disk model and derive a rotation
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curve and mass estimate. However, Weinberg (2000) argues that the LMC should be
evolving rapidly in the Milky Way tidal field, based on both analytic ealculations and
n-body simulations. The tidal field causes the LMC disk axis to precess and torques
disk orbits out of the disk plane, causing a strongly flared, spheroidal-like distribution
in the outer Cloud and loss of stars and gas. This interaction leads to an a spatially
extended population while roughly preserving the disk-like kinematic signature (i.e.,
small a).
The detection of, or strict limits on, the predicted extended distribution would
resolve these views and is one of the goals for the present study. Our star count
analysis is based on fitting the projected spatial density of several LMC populations
among those identified in Chapter 2, based on their location in the color-magnitude
diagram (CMD) of the field. The late-type giant populations are dominated by the
LMC and may be used as tracers of the spatial structure of the Cloud. Each popu-
lation is fitted by two models: 1) thin exponential disk and 2) spherical power law
model. Our best-fit disk models give the inclination of the LMC to the line of sight
i = 22° - 29° and the position angle ^ = 168° - 173°, in good agreement with previous
estimates. The direction of the LMC disk inclination is also determined. In short,
projected 2MASS star counts reproduce the standard LMC values.
The near-infrared 2MASS photometry easily discriminates carbon stars in the
color-magnitude diagram. While the 2MASS single-epoch survey of the LMC does
not provide variability information, we identified a region of the CMD populated
nearly exclusively by carbon-rich AGB stars (Region J), which are also long-period
variables (LPVs). This identification is reinforced by recent analyses of MACHO data
(Alcock et al. 2000a, Alves et al. 1998a, Wood 1999), although roughly 25% could
be binaries (Wood 1999). LPVs obey period-luminosity-color (PLC) relations (e.g.,
Feast et al. 1989), and based on the PLC relations, the LPVs in a narrow color range
(1.6 < J — Ks < 1.7) are standard candles with ~ O.S*^". Their photometric dis-
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tribution in selected LMC fields has a least three distinct components: a well-defined
narrow distribution due to LMC disk and two secondary peaks at fainter and brighter
magnitudes. The differential photometric distance to the central disk peak provides
a direct determination of the inclination: 42.3° ± 7.2°. This value is consistent with
but larger than those inferred by deprojecting isopleths. The secondary peak could
m principle be due to stellar blends, geometric structure, interstellar reddening, dis-
tribution of periods, gradient in age and metallicity, or contaminating population of
overtone pulsators in the sample. We examine and discuss the possible origins of
this secondary component and conclude that spatial structure is a plausible explana-
tion. Although AGB variability is known to be physically complex and a multimodal
explanation can not be ruled out, no available evolutionary models account for the
observed signature. This interpretation is bolstered by the good match of the cen-
tral peak, which includes known fundamental mode pulsators, with the established
LMC disk inclination. The distribution of AGB stars suggests the presence of an
extended LMC population, which may be as thick as 8 kpc along the line of sight.
This would be thicker than the 2.8 kpc flattened spheroid suggested by Hughes et al.
(1991) from kinematic data and may be streams of material rather than be smooth
and well-mixed. The bright peak is then an intervening population at a distance of
roughly 36 kpc and the existence of relatively young carbon-rich AGB stars suggests
tidal debris.
3.2 Observations
The LMC field, (4'*00'" to 6'^ 56^ in right ascension, -78° to -60° in decHnation,
J2000.0) has been observed by 2MASS and is included in the most recent data release.
Details of the data reduction and sample selection are described above. Figure 3.1
shows both the projected spatial distribution of sources and the color-magnitude dia-
gram of the field. The color-magnitude diagram also shows the location of 12 regions
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R.A. (J2000.0) j_K
Figure 3.1 Left panel: Density distribution of 2MASS sources in the LMC field
Contour levels are labeled in units of 10^ deg-^. The arrow points in the direction of
Galactic center. Right panel: CMD of the field showing 12 regions corresponding to
major features of the diagram. Contour levels are logarithmic, from 2.0 to 6 0 spaced
by 0.5. '
analyzed in previous chapter. Total number of sources in our sample is 823,037.
In previous chapter, we examined the populations in selected CMD regions and
associated the features with known populations of stars (cf. Table 2.3). Here, we
take an in-depth look at the spatial distribution of sources in seven of those regions
(Table 3.1) which contain mostly LMC stars. These seven areas of the CMD account
for a quarter of all sources in the field.
Table 3.1 Stellar populations of selected CMD regions.
Region N^' src fcal^ LMC populations
A 6,659 0.15 Young 0,B,A supergiants, 03—06 dwarfs
E 166,263 0.05 Low- and intermediate-mass RGB stars, E-AGB stars
F 22,134 0 Oxygen-rich AGB stars, E-AGB and TP-AGB, LPVs
G 1,438 0 Luminous E-AGB stars, 0-rich LPVs
H 2,450 0.05 Red supergiants, luminous E-AGB stars
J 8,229 0 Carbon-rich TP-AGB, LPVs
K 2,212 0 Dust-enshrouded C-rich TP-AGB, OH/IR, cocoon stars
Total 209,385
^Fraction of Galactic sources estimated from synthetic model.
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The projected spatial density distribution for each of the seven regions
.s shown ,n
Figure 3.2. Younger populations (Regions A and H) have relatively clumpy distribu-
tions which trace the spiral pattern of the LMC (cf. Figure 7 of Schmidt-Kaler 1977).
Older stars, on the other hand, have smoother and more extended distributions with
significant overdensity in the bar of the Cloud. Several well-known morphological fea-
tures of the LMC are easily recognizable in Figure 3.2, e.g. 30 Doradus complex (an
HII region near a = 5'^36-, 6 = -69°) and asymmetric outer loop in the south-eastern
part of the LMC, traced by AGB stars.
3.3 Spatial Structure Using Parametric Maximum Likelihood
To quantify the spatial distribution of sources in six selected regions, we perform
maximum likelihood (ML) analyses for thin exponential disk and spherical power-law
models. The observed source counts for each population are binned in equatorial
coordinates, n°., z = 1, iV; j = 1, M. The ML scheme selects a parametric model for
which the expected source counts nj^ most closely match the observed source counts
n°j. The goodness-of-fit measure,
i,j
P
is asymptotically distributed as with {NxM-l-Up) degrees of freedom, where n
is the number of free parameters of the model (see below). The expected source counts
nfj are obtained from the corresponding source density in each bin, p^j, predicted by
the model:
^ ^src Hij
(see Appendix A for details).
The residuals for axisymmetric models show a significant bisymmetric component
and, therefore, we have added an LMC LMC bar component in our model fits. The
density models with a bar are given by
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Figure 3.2 Projected spatial density distributions of 2MASS sources in selected CMD
regions. The contour levels are 15, 30, 60, 120, 240, 350, 480, 960, 1920, 3840, 7680
deg"^. In panel E the lowest contour level is 60 deg~^. The contour level of 120 deg"'^
is highlighted for convenience.
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P = Pd exp {-r/R) + exp (-K/a),
(3 1)
for the 'bar+exponential disk' model, and by
P = Psr-'' + exp(-SR/a),
(3 2)
for the 'bar+spherical power law' model. The bar ,s two-dimensional and has an
elliptical shape, U = ^^^T^^, with the axis ratio Both models have 9 free
parameters, 7 of which are common to both density representations. The common
parameters are the coordinates of the LMC center cq, 5o (J2000.0), inclination z (0° <
i < 180°), position angle ^ (0° < ^ < 360°), azimuthal angle of the bar 0 (-90° < 0 <
+90°), and scaling constants a and q. In spherical model, i and 9 are used to describe
the orientation of the bar plane, while in the exponential disk model they are used
both for the disk and the bar (the bar is constrained to lie in the disk plane). The
remaining two parameters give the relative strength of the axisymmetric component
in each case {po and ps), and the spatial extent of the model (scale length R in the
exponential disk model and power-law index u in the spherical model).
The results of parametric fits are presented in Tables 3.3 and 3.4, along with the
corresponding values. The best fit parameters in both tables can be grouped by
the population age: results for young stars (A, H) and older stars (E, F, J, K) show
good agreement among themselves. Sources from Region G form a stand-alone class,
with parameters different from the above two groups. The large x^/d.o.f. values are
due to strong non-axisymmetric components (Figure 3.3). We assume that fitting the
non-axisymmetric components would reduce the to an acceptable level without
strongly aflfecting the derived global parameters. Therefore, the relative values of
are interpretable in the relative likelihood sense and we can compare our results with
previous work. The AGB populations. Regions G and K, provide acceptable fits with
weak asymmetric residuals and admit the possibility of reliable parameters ab initio,
especially when a bar is included in the fit.
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a (J2000.0)
a (J2000.0)
Figure 3.3 Residual plots for exponential disk model with elliptical bar for RegionsA (left) and E (right). The dotted contours denote overdensity regions (positive
residuals), solid contours are underdensity regions (negative residuals). Both panels
show clear non-axisymmetric component consistent with spiral pattern of the LMC;
right panel also shows a strong Galactic field gradient.
The distributions of young OB stars and supcrgiants are clumpy and therefore
poorly fitted by a smooth model. The centroid of these populations is ~ 1° to
the north of the optical center of the bar (defined by the center of symmetry of
the bar, at q;2ooo = 80.9°, (52ooo = -69.8°), similar to the displacement found by
de Vaucouleurs k Freeman (1973). The scale lengths R derived for these populations
are noticeably greater than the scale lengths for older populations and reflect the
location of the distinct star forming activity. The position angles for these populations
are mutually consistent. In the model without bar, the inclination derived from
Region A sources, i = 35°, is consistent with i = 38.2° found from the distribution
of HI regions (Feitzinger et al. 1977), and also with i = 36l5 degrees found from
Monte Carlo simulations of ultraviolet photopolarimetric maps of the western LMC
(Cole et al. 1999).
The older populations (M giants, AGB stars and LPVs) are well-represented by a
smooth density law. The centroids for these populations are within 0.4° of each other
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on the sky and are close to the optical center of the bar. Average scale length for
these populations is R = 1.42 ± 0.01 kpc (without bar), in agreement with R = 1.46
kpc (Bothun & Thompson 1988), and R = 2.15 ± 0.01 kpc (with bar). Note that
Region E sources have the scale length, R = 1.58 kpc, significantly higher than other
old populations, R ^ 1.4 kpc, and similar to MACHO result /J = 1.6 kpc derived from
RR Lyrae (Alcock et al. 2000a). Figure 3.4 shows the deprojected density of Region E
sources ss the function of LMC radius for models with and without bar. The likely
reason for the increase in the scale length is the substantial population of Galactic
foreground M <lwarfs at deprojected radii r > 8 kpc, which is also suggested by the
large-scale approximately linear gradient in Figure 3.3. The density plots for other old
populations (not shown) show evidence for disk truncation near r, ~ 3 kpc, similar
to r, = 2.41 kpc found by Bothun & Thompson (1988). The inferred inclinations
r (kpc) r (kpc)
Figure 3.4 Projected density of Region E sources as the function ofLMC radius. The
fits are shown for model without bar (left) and with elliptical bar included (right).
Note the Galactic foreground at r > 8 kpc.
are in the range z ~ 22° - 29°. The variance weighted average for inclination is
i = 24.0° ± 0.3°, in good agreement with previous determinations from star counts
(de Vaucouleurs 1955), i = {25 ± 5)°, distribution of star clusters, i = {25 ± 9)° or
48
HI isophotes,
.
. (27 ± 5)° (McGee & MHton 1966), or photographic R
.ophotes
(de Vaucouleurs 1957),
. . (27 ±2)°. The mchnat.n values derived from bar models
are m agreement with each other and higher by ^ 15°. Their weighted average is
I = 38.2° ± 0.4°. The deprojection-based position angles for the group are mutually
consistent, 9 ~ 168° - 173°, and fall in the range 9 = 160° - 180° derived from surface
photometry of the LMC by others (see, e.g. Table 2 of Schmidt-Kaler & Gochermann
1992). Position angles for bar models vary from 12° to 17°.
The extended spatial coverage of the LMC field by 2MASS allows one to deter-
mine the absolute direction of the inclination, i.e. to determine the closest side of the
LMC. To illustrate this point, we make two different test models of an exponential
disk with {Co, So, R, z, 9} = {80°, -70°, 1.5, ±30°, 135°}. Both disks are modeled with
3,000 point sources. The restored density contours are presented in Figure 3.5. The
difference in the expected source counts is clearly seen in the outer regions. This
suggests that for relatively spatially extended populations both the absolute value
and the direction of the inclination can be reliably determined. On the other hand, if
a population is relatively compact in the sky, the inferred direction of inclination may
differ from the actual value (cf. Table 3.3). Based on the results for older populations,
we see that the nearest side of the LMC is its eastern side, in agreement with pre-
vious results based on photometry of Cepheids in the Cloud (de Vaucouleurs 1955,
Gascoigne k Shobbrook 1978, Laney k Stobie 1986). Restricting our attention to
Region J, which has little if any Galactic contamination, we can effectively eliminate
any gradient caused by the Galactic foreground.
The results of fits to a spherical power-law profile are described in Table 3.4. There
are no significant difference between power-law exponents for various populations: all
values are ^ 2.5. The centroid shift for younger populations, present in Table 3.3,
is seen here as well. The underlying distribution, a disk and spheroid together, is
described here as a single profile. A power-law disk profile, of course, will have an
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Figure 3.5 Isodensity contours of test models showing the sensitivity to the direction
of inchnation. Each test model is represented by 3000 sources distributed according
to an exponential disk with {ao, ^o, R, ^, 0} = {80°, -70°, 1.5, ±30°, 135°}. Four loga-
rithmically spaced density levels of 0.0003, 0.001, 0.003, 0.01 deg-^ are shown. Solid
line shows model with i = -30°, dotted line — model with i = +30°. The difference
is clearly seen, especially in outer contours.
index 1 + where u is the index for the spherical profile, and therefore some unknown
combination of a disk and spheroid makes interpretation difficult. We note that these
fits are worse than the exponential fits and probably do not bear on the reality of
a spheroidal population. An independent test for a spatially extended population is
described below (§3.4.2).
We compared the results of our fits to those by Hughes et al. (1991), who modeled
the distribution of intermediate and old long-period variables (ILPV and OLPV,
respectively) with exponential disk and power law models. They derived = 1.8 ±0.1
and R = 1.6±0.2 from 63 OLPVs, and u = 1.7±0.1 and R = 1.7±0.2 from 81 ILPVs
in their sample. Our analysis for ~ 200, 000 2MASS sources of similar populations
(Regions E, F, G, and J) gives ~ 2.5 and Rk lA kpc. We note that the scale lengths
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R are in agreement, while the best-fit power law exponents differ. We attribute th.s
difference to the increased source counts at the periphery of the LMC, in the regions
of greatest sensitivity of power-law models.
To summarize, the projected distribution ofLMC populations observed by 2MASS
is consistent with previous studies. We found the scale length of the LMC disk,
R
~ 1.4 kpc, the inclination angle, z ~ 22° - 29°, and the direction of the LMC tilt
in good agreement with existing estimates.
3.4 Standard Candle Analysis
We complement our previous analysis (§3.3) by incorporating photometric dis-
tances in addition to our CMD selection. Below, we describe the selection of standard
candles, the details of the analysis, and the implications for the structure of the LMC
derived from 2MASS photometry.
3.4.1 Selecting Standard Candles from 2MASS Data
Good standard candles for this purpose satisfy three conditions: 1) they must be
luminous and easily identified; 2) they must be sufficiently numerous and representa-
tive of the underlying structure, and 3) they must have small photometric dispersion
as a class (that is, small ctm). In previous chapter, we argued that stars in Region J of
the 2MASS CMD are potentially good standard candles. Being brighter and redder
than the RGB tip, most of these stars are carbon-rich thermally-pulsating AGB stars
(TP-AGB). Recent data (Alves et al. 1998a, Wood 1999) suggest that most of these
stars are Miras or semi-regular variables (SR)^ The fraction of variables in this region
is close to 100%, although roughly 25% could be binaries (Wood 1999). Here, we will
assume that all sources in Region J are carbon-rich long-period variables. Their red
colors effectively discriminate against the population of oxygen-rich LPVs, since the
^ As follows from the analysis of period-luminosity relations of MACHO variables (Wood 2000),
the majority of these stars are SRs.
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latter rarely have J
- > 1.5 (Hughes & Wood 1990). A. long-perioc, variables
these stars follow a linear PLC relation (e.g. Feast et al. 1989). The luminosity of
these stars can be eharacterized by their periods or near-infrared colors, and there-
fore, these stars can be used to probe the structure of the LMC along the lu.e of
sight. In the absence of the period data, we cannot use standard period-luminosity or
period-color relations to calibrate the intrinsic brightness of these variables. Rather,
we have to rely on luminosity-color (LC) relation. However, since the sources in Ile-
gion J are a mixture of SRs and Miras, we must address the question of whether
applying the same LC relation to Miras and SRs is justified. The period-luminosity
diagram from MACHO data (Figure 1 of Wood 2000) identifies 5 distinct sequences
of variables. The sequence of classic Miras (C) also hosts many SR variables, called
type "a" semi-regulars, or SRa. The distinction between Miras and SRas, based on
the amplitude of visible pulsations (SRas have smaller amplitudes, V < 1.5 mag),
may be artificial; some authors (Kerschbaum k Hron 1994) argue that SRa is not a
distinct class of variables but a mixture of Miras and SRb (semi-regulars of type "b"
)
variables. Since these SRas lie on Mira sequence, they follow the same PL relation
as Miras. To check whether they follow the same LC relation, we separately perform
linear regression for Miras and SRas selected from the sample of Hughes & Wood
(1990). The resulting LC relations for J - K, < 2.0 are:
Ks = (-0.96 ±0.17) (.7-/^,) + (12.52 ±0.28), a - 0.33
Ks = (-0.90 ±0.21) (J -i^,) + (12.24 ±0.35), a = 0.31
Since the relations are consistent with each other, we justify using the same LC
relations for Miras and SRas on sequence C. The same Figure shows SR sequence
(B), which runs parallel to Mira sequence and includes many sufficiently red stars
{J - K > 1.4) to enter our region J. These stars are in a higher-order pulsation mode
and seem more numerous than C-rich Miras and SRas. If follow different LC relation,
th(;y may seriously hinder th(; (luality of standard candles. Below (see §3.5.2), we
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demonstrate that these overtone pulsators ,o not affect our analys. and hence we
will consider that all C-rich LPVs m Reg.on J follow the same LC relation.
The 2MASS sample of C-rich LPVs in the LMC contains 8229 stars. The surface
map of Region J is shown in Figure 3.6. The luminosity-color relation for these stars
results m the well-defined ridge m the figure. In Figure 3.7, we plot the sample of
79 oxygen- and carbon-rich Miras in the LMC (Glass et al. 1990) on top of 2MASS
color-magnitude digram. Magnitude and color of each Mira are averaged over period.
The luminosity-color relation (shown with the solid line) for 14 carbon Miras in the
color interval bounded by vertical dashed lines is
< Ks >= (-0.99 ± 0.80) <J-K,> +(12.36 ± 1.33), a = 0.38.
The average r.m.s is a < 0.3- for IA<J-K,< 1.7. Given this LC relation, we may
argue that selecting LPVs from a reasonably narrow color range will result in sources
with similar luminosities, i.e., standard candles. For our analysis, we choose color
interval 1.6 < J - < I.7, suflficiently narrow to ensure similar luminosities of our
standard candles and suflSciently broad to host enough sources (1385) for statistically
meaningful inference.
Finally, we must address the issue of random phase observations. The ridge-
line fit above was based on the average LC relation. Given single-epoch 2MASS
data, we may expect significant broadening of the LC relation due to random phase
observations. From analysis of light curves in Glass et al. (1990), the amplitudes
of carbon-rich LPVs are AK < 0.5 mag. However, Miras constitute only a modest
part of our sample. The majority of variables in Region J are SRas and have much
smaller amplitudes AK. As such, the impact of random phase observations will be
less noticeable. In fact, as we will demonstrate below (§3.5), the width of main peak
in the apparent luminosity function is only a ^ 0.2"". This suggests that using the
phase-average LC relation for random phase data is appropriate.
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Figure 3.6 Density map of CMD Region J. The surface map covers color range
from J - Kg ^ 1.5 to J - Kg = 2.0. Note the well-defined ridge, which suggests a
luminosity-color relation for these stars.
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Figure 3.7 The samplo of 79 oxygen- and carbon-rich Miras from Ghiss ot al (1990)
I)lo(.t(Hl over tlio color-niagnituch' diagram of 2MASS. Magnitud(> and color of each
Mira are converted to CAT piiotometric system and av(>rag(>d ()V(>r { period. Vertical
dashed lines show the color range, 1.4 < J - A', < 1.9, „sod for th(> straight line fit to
lummosity-color relation. The best-fit LC relation is indicated with thick solid line.
3.4.2 Method
Without prior knowledge of th(> true source distribution, which is likely to Ix^
irregular due to tidal interaction (e.g. Weinberg 2000) or suflicient characterization
ol the st(!llar p()i)ula,ti()ns to allow a non-parametric density estimation wit h all of the
data, w(> study the photometric distribution in several fields in the LMC. We select
reasonably small-sized fields to suppress tli(> inclination effect inside th(! fields (tlu;
stars within a field nuiy be consi(l(>red at tlu^ same distance). This should produce
a well-defined centroid in the apparent brightness distribution, correspon{ling to the
average distance to the disk i>lane. Tlu; fields arc; located along two great circle arcs
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parsing through the central region of the Cloud: Arc 1, parallel to the line of nodes,
and Arc 2, perpendicular to the line of nodes (see Fig. 3.8). The ares correspond to
major and minor axes of the inclined LMC disk and were chosen for enhancing and
contrasting the inclination effect.
o
o
o
o
a
-75
R.A. (J2000.0)
Figure 3.8 Locations of selected LMC fields. Field positions follow two arcs: Arc 1
(North-South direction, parallel to the line of nodes), and Arc 2 (East-West direction,
perpendicular to the line of nodes). Field numbers are indicated, with arc numbers
given in parentheses. Field 3 is the same for both arcs.
The apparent luminosity function can be analyzed in terms of the centroid m and
the width 2am of the distribution. For a homogeneous standard candle population, the
centroid of the distribution measures LMC distance and the width of the distribution
gives an estimate of its line-of-sight depth. An error propagation analysis of the
apparent magnitude-absolute magnitude-distance relation gives
4.72
a. (7m + mLMC
^2 , ^2 , ^2
(3.3)
where Rlmc — 50 kpc is the average distance to the LMC, gm is the intrinsic precision
of our standard candles, aa is the variance due to extinction, Or is the geometric depth,
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and a,, is the photometric error. Equation (3.3) states that the apparent brightness
d.stributio„ is the convolution of the spat.al density and the intrinsic luminosity
function and therefore provides an upper lirmt to the geometrical depth.
3.5 Results and Interpretation
The brightness distributions of standard candles in selected fields are shown in
Figures 3.9 and 3.10. All fields in Figures 3.9 and 3.10 exhibit well-defined central
11 12 13 14 10 11 12 13 9 10 11 12
m.
Figure 3.9 Apparent brightness distribution of selected C-rich Miras in fields along
Arc 1. Histograms are normalized raw data, smooth curves are kernel smoothed
densities. The bin widths in each histogram are chosen to ensure signal-to-noise ratio
of 3 or better. Columns correspond to J, H, Kg bands, rows correspond to fields.
Fields and the numbers of C-rich LPVs in the fields are labeled. See Figure 3.8 for
field designations.
peaks corresponding to the midplane of the LMC disk. We immediately notice that
the narrowest features in the brightness distributions have widths cr„i « 0.2"* (cf.
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Figure 3.10 Apparent brightness distribution of selected C-rich Miras in fields along
Arc A.
Field 3). This is a direct evidence that our color-selected sources are standard candles
at least as good as Gm « 0.2-. In fact, they are even better, because of the additional
terms on the right-hand-side in equation (3.3). This suggests that carbon LPVs in
the narrow (~ 0.1 mag) color range are excellent standard candles, even observed at
random phases.
3.5.1 Analysis of the Distribution Centroids
The centroids of the distributions are consistent with the inclination of the LMC
derived in §3.3. Since Arc 1 is parallel to the line of nodes, the stars in the fields along
this arc should be roughly at the same distance. Hence, we do not expect any drift
in the means m for stars in these fields. On the other hand, we expect a shift in the
mean magnitude for fields along Arc 2, which is perpendicular to the line of nodes.
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be. on average, br.ghter than their counterparts in Western fields. Figure, 3 9 and
3.10 confirm the expectations. The magnitude of the effect is shown in Figure 3 11 for
both arcs as the funct.on of the angular distance from the optical center of the bar
To .mprove the signal-to-noise ratio, we take the average m of the mean magnitudes
0.2
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Figure 3.11 The mean magnitude offset averaged over J, H, bands as the function
of the angular distance from the optical center of the bar. The offsets are given relative
to the central fields of the corresponding arcs.
in three bands and plot the resulting averages normalized to the central field of the
respective arc. We find that fields along the North-South line have similar mean
magnitude, whereas Eastern fields are on average O.l'" brighter and Western fields
are ~ 0.2"^ fainter than central bar fields. The magnitude difference is similar to what
Caldwell & Coulson (1986) found in their analysis of Cepheids in the Cloud.
Data shown in Figure 3.11 allow independent determination of the LMC inclina-
tion angle. We provide results of two methods: (1) the inclination of the best fit
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arc are
our
Plar^e to the photometric d.star.ce estimate for each field; ar.d (2) the mean inclma-
tion of each field pa.ed w.th the central field. In Method 1, we compute the best
fit line through spatial positions of the field centers. The estimates for each
0.9° ± 0.3° and 42.3° ± 7.2°, respectively. We observe that the inclinations along
Arc 1, as expected, are consistent with zero, while the inclination angles along Arc 2
are consistent with values in Table 3.3 at 2a level. Alternatively, the LMC disk may
be warped and therefore not coplanar. Method 2 does not presuppose a tilted plane
but rather computes the inclination of each field relative to the line of sight through
the central field. We then compute the weighted average over all pairs. The resulting
inclinations are 1.0° ± 4.1° and 34.4° ± 2.7° for the first and second arcs, respectively.
In principle, this magnitude drift could have been produced by a reddening gradi-
ent across the Cloud. However, the extinction maps by Oestreicher k Schmidt-Kaler
(1996) do not show any systematic change in reddening in the West-East direction
across the LMC. In addition, an analysis of the extinction across the entire cloud
based on the location of the giant branch reveals little evidence for significant ex-
tinction on average outside of the inner square degree (see Chapter 2). Moreover, if
the magnitude drift were indeed due to reddening gradient, it would have had band-
dependent signature. The ratios of magnitude offset in J, i/, bands would be in
direct proportion to the extinction coefficients Aj, Ah, Ak. Since this is not the case,
we have to reject this possibility and interpret the drift as the true distance eff"ect.
3.5.2 The Shape of the Distributions
Careful study of the density distributions in Figures 3.9 and 3.10 shows that
some distributions have extended tails. For example, distributions in Fields 3 and
4 clearly show positive skewness. Figure 3.6 also shows the extension of the central
ridge toward fainter magnitudes. To quantify the shape of the distributions, we first
enhance the S/N ratio of the data by combining five fields along Arc 1 and three
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Photon^etric bands^ into s.ngle dataset. Then, we fit the resulting sample of 1719
Stars with multiple Gaussians:
'''^"^
^"^tA ^'^P [-(^^ - (3.4)
where N is the number of Gaussians in the fit, Am is the magnitude offset and C
is the normalization constant. The free parameters are adjusted to maximi^e the
log-likelihood function:
1719
logL=.glogP(Am,).
(3 5)
The results for multiple Gaussian fits are presented in Table 3.2 and Figure 3. 12.
Table 3.2 Gaussian fits of the apparent luminosity function of carbon stars in the
N (number of Gaussians) a„
i
2
(In Arrin A log
1.00 0.11 ±0.01 0.35 ±0.01 0.0
0.24 0.01 ±0.02 0.12 ±0.02 39.8
0.76 0.14 ±0.02 0.39 ±0.02
0.05 -0.66 ±0.06 0.14 ±0.04 52.3
0.20 0.58 ±0.07 0.19 ±0.03
0.75 0.03 ±0.02 0.22 ±0.02
0.15 0.62 ±0.08 0.18 ±0.04 56.3
0.75 0.05 ±0.03 0.25 ±0.04
0.06 0.01 ±0.03 0.06 ±0.04
0.04 -0.70 ±0.05 0.12 ±0.03
0.71 0.03 ±0.02 0.24 ±0.02 55.7
0.06 0.03 0.06 ±0.03
0.19 0.58 ±0.06 0.20 ±0.03
0.04 -0.69 ±0.05 0.13 ±0.03
^ The difference between log-likelihood values relative to single Gaussian model.
^ Constrained model, Ami = Am2.
Using generalized likelihood ratio test, we compare the significance of derived fits.
For example, double Gaussian representation provides an improvement of Ax^ =
2A log L = 80 for three additional degrees of freedom, which suggests statistical sig-
nificance 1 - 10~^^-^. Thus, single Gaussian model must be rejected based on observed
^We offset each band data so that the peak corresponds to zeroth magnitude.
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Figure 3.12 Gaussian components of the apparent luminosity function.
distribution. The improvement of triple Gaussian model over the double Gaussian so-
lution is Ax^ = 23 for three additional degrees of freedom. The statistical significance
of this result is 1 - 1.5 x 10-^ which suggests that triple Gaussian fit must be favored
over double Gaussian representation. Similar, four Gaussian model is preferred over
triple Gaussian with statistical significance 0.95. This is relatively strong evidence
for yet additional component in the observed distribution. However, the fourth peak
in Figure 3.12 is coincident with the main central peak. A possible explanation for
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th.s
.
that we are see.ng two d.sk populations, located at the sa.e distance: younger
disk it < 1 Gyr) with small exponential scale height along the Hne of sight and
mtermediate-age disk with larger velocity dispersion and greater scale height Such
an interpretation should be directly verifiable from kinematics of Region J stars pro-
vided a large enough sample of velocities for these stars exists. Accepting the two-disk
interpretation, the ratio of young/intermediate carbon-rich stars m the LMC disk is
estimated from the areas under the two curves: /(young/old) ^ 0.06/0.75 ~ 0.08. In
Table 3.2 we also provide the result for constrained four Gaussian model, where we
impose a physically plausible condition Ami = Am2.
In the discussion above, we used asymptotic behavior of likelihood ratio to test hy-
potheses about the LMC structure. Real structure of the LMC may be (and probably
is) more complex than our crude representations and may involve a whole spectrum of
vertical scale heights rather than just one or two characteristic values. Nevertheless,
in further discussion, we will assume the three-component mixture as the true rep-
resentation of the LMC structure. We interpret the central peak as the midplane of
the LMC disk, which hosts 75% of all sources and has width a « 0.2^. The extended
distribution consists of two distinct components: the stronger one with 20% of the
sources, approximately 0.6^ fainter than the main peak; and the weaker one (5%)
with the centroid 0.7"^ brighter than the main peak.
Among the factors which could produce the extended component visible in Fig-
ures 3.9 and 3.10 are: 1) foreground population, 2) source blending, 3) interstel-
lar reddening, 4) population of overtone pulsators, 5) distribution of periods, 6)
age/metallicity variations, and 7) spatial density distribution^ Foreground popu-
lation can be rejected because the fraction of Galactic sources in Region J is nearly
zero (see Table 3.1). Interstellar reddening would produce a band-dependent effect
^Our sample consists of S/N ten or better detections in J, H, and K so spurious sources are
unlikely.
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(i.e. longer ta.ls
,„ J band than in band). We consider each of the regaining five
possibilities in detail:
main
1. Source Ueni^,. Considering that the secondary peak runs parallel to the
LC relation (cf. Figure 3.6), at least one member in the blend must be a carbon
star. However, blending a carbon star with an unresolved source would produce
a source brighter than the carbon star. This means the secondary peak would
be brighter than the main feature, which contradicts to data;
2. PovulaUon of overtone pulsators. The pulsation mode of Mira variables seem to
have been resolved recently with Miras unambiguously identified as fundamental
mode pulsators (Wood k Sebo 1996, Wood et al. 1998). It is conceivable, then,
that our color-selected sample of standard candles includes a population of first-
and higher-overtone LPVs. Based on Figures 3.9 and 3.10, this 'secondary'
population should constitute about 20% of the entire sample, and be fainter
by ~ 0.6"^. We test this possibility by cross-correlating 2MASS data with the
subsample of fundamental-mode LPVs from Hughes k Wood (1990). After the
magnitudes of matched sources are corrected for the LMC inclination, we found
only 16 are in the color interval 1.6 < J - i^, < 1.7, which is not sufficient
for statistical inference. To boost the S/N ratio, we project all sources with
J - Ks < 2 along the LC regression line to bring them to the same color
interval. This increases the sample to 91 stars. The resulting histogram of Ks
magnitude is shown in Figure 3.13, where we also plot the histogram of our 1719
sources normalized to the same area. The KS-test of the two distributions gives
probability P = 0.257, which is not sufficient to reject the null hypothesis that
the two samples are drawn from the same distribution. The histogram reveals
the same extended component, approximately 0.6 mag fainter than the main
peak. Since the feature is present even in the data without overtone pulsators,
this explanation can not be favored. Following the referee's suggestion, we
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I t . w . nrr^"" magnitudes of fundamental-mode pulsators fromHughes & Wood (1990). The magnitudes were projected along the mean LC regres-
sion line to bring stars to the same color interval. Dashed line shows the histogram
ot 1719 sources from our sample, normalized to the same area.
have also looked at underluminous carbon-rich variables found by Bergeat et al.
(1998) as possible candidates for secondary population. The location of these
variables in the PL-plane identifies them as MACHO variables on sequence D
(see Wood 2000). The nature of these pulsators with a long secondary period
(LSP) is still unknown, but two seemingly plausible reasons for LSPs are binarity
or strange pulsation mode (Wood 2000). Whatever the mechanism, the number
of red variables in this sequence is simply not sufficient to explain the observed
secondary peak. There are only three MACHO variables with J - Ks > 1.4
among more than a hundred on sequence D, and only eight of approximately
600 stars in the sample of Bergeat et al. (1998) while the observed fraction
in the fainter peak is 20%. Thus, even though the magnitude offset for these
variables is consistent with the observed secondary peak, their small number is
a main reason why we reject this explanation.
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3. D^stnbut^on ofpenods. Even in the case of a zero-dispersion PLC relation for C-
rich LPVs, the observed magnitude distribution could result from an intrinsic
period distribution (m addition to overtone pulsations discussed above). Al-
though this explanation remains a possibility because the physics of these stars
remains uncertain in detail, such an effect is not apparent in current theoretical
models, which confirms an intrinsic width of the instability strip but not mul-
tiple peaks. Conversely, as previously mentioned, the good fit of the primary
peak to the disk inclination gives us confidence in a well-defined instability strip
and width of this peak is consistent with other pulsators.
4. Age-Metalhcity Vanations. Alternatively, the pulsation periods depend on mass
and metallicity and distribution of periods implies the range of mass, ages and
metallicities, and vice versa. Assuming a range of initial AGB masses leads to
the range of intrinsic bolometric magnitudes for a single period (Marigo et al.
1996). Marigo's et al. theoretical evolutionary tracks show the difference in a
few tenths of a magnitude for carbon Miras at a constant period, depending on
the mass of the star. Fitting the apparent luminosity function to these tracks
(Cole 2000) suggests that the stronger peak may be due to younger (~ 0.6
Gyr) and more massive stars {2Mq), while the broader component is formed by
older (~ 2.8 Gyr) and less massive (~ 1.2Mo) stars. This appears consistent
with observations: Frogel et al. (1990) found that carbon stars are present
in globular clusters aged 100 Myr to about 3 Gyr and that carbon stars in
intermediate-age LMC clusters are a few tenths of a magnitude fainter than
those in young LMC clusters. Alves et al. (1998) reported that AGB variables
in the intermediate age cluster NGC 1783 are about 0.5 mag brighter at given
period than variables in ancient LMC globular cluster NGC 1898. We find two
aspects of this possibility to be unsatisfying. First, it does not naturally explain
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the bright secondary peak. Second, the star formation rate subsequent to the
2.8 Gyr burst would have to be small in order to result m a well-defined feature;
5. Extended densUy d^stnhut^on ^n the LMC. This appears to be the most natural
explanation to the observed brightness distributions: it is band-independent, it
does not rely on a special star formation history, and straightforwardly explains
both the brighter and fainter secondary distribution. The distinct feature at
fainter magnitudes may be associated with the population kinematically distinct
from the disk sources, recently found by Graff et al. (1999). To strengthen the
case, we note the similarity of the source fractions in primary/secondary com-
ponents in their work (80/20) and in ours (75/25). This motivates a detailed
kinematic follow-up of the small bright "clump" in the photometric distribu-
tion. Based on the offset, this population is 14 kpc from the LMC center and
coincident with the intervening population detected by Zaritsky k Lin (1997).
The existence of LPVs implies a relatively young population, and the broad
area is consistent with tidally stripped material. A future detailed study will
attempt to self-consistently model the disk, an extended spheroid component
as suggested by Hughes et al. (1991), and test for other distinct features.
Figure 3.12 allows rough estimate of the thickness of the LMC disk/spheroid.
Using equation (3.3) on the central peak (cr^ = 0.22), and taking = 0.04"*,
OA = 0.05"", and Rlmc = 50 kpc, we derive half-thickness Gr ~ 4.3 kpc for
(Jm = 0.1, or cr^ ~ 1.5 kpc for om = 0.2. The uncertainty of the LC relation
is the limiting factor in estimating the thickness of the LMC along the line of
sight, and future studies using full PLC relation, rather than LC relation (e.g.,
using MACHO data) can prove useful in reducing the uncertainty. In summary,
the spatial interpretation of these photometric distributions suggests the LMC
consists of a centrally concentrated barred disk and some number of extended
67
distributions, includ.ng a spheroid a„<, ti<lally distorted and possibly stripped
populations.
3.6 Summary
We have analyzed the spatial distributions of several LMC populations, identified
based on their location in the color-magnitude diagram. Quantitative analysis of the
observed distributions includes parametric source-count and a preliminary standard
candle analysis. Our major conclusions are;
ion-
• Projected star count analyses based 2MASS data yield scale lengths, deproject
based inclinations, and position angles consistent with previous studies. The
near-far degeneracy of the disk orientation is broken by perspective difference.
The near side of the Cloud subtends a larger angle in the sky-and this allows us
to determine that Eastern side of the disk is closer, in agreement with Cepheid-
based results.
• We propose using carbon-rich LPVs in a narrow color range, 1.6 < J-K^ < 1.7
as standard candles to probe the structure of the LMC along the line of sight.
Based on published light curves, their intrinsic magnitudes have a dispersion
of < 0.3"" including the random phase of the observations. The width of the
LMC disk in the observed photometric distribution (a^ = 0.2) suggests that
these are acceptable standard candles.
• The photometric distribution of our standard candle sample reveals strong cen-
tral peak with extended tails in both directions, with tail toward fainter magni-
tudes more pronounced. The stronger secondary peak is 0.7'" fainter than the
main peak and includes 20% of the LPVs, while the weaker secondary compo-
nent is 0.6"^ brighter than the main peak and includes only 5% of all variables.
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We interpret the primary peak as due to the midplane of the LMC disk and ex-
amine various possibilities which could produce the tails and secondary peaks of
observed distribution. We conclude that the photometric distribution of stan-
dard candles is most likely caused by a spatially extended stellar component
and tidally stripped debris, consistent with a tidally disturbed dwarf compan-
ion. It is possible that the distribution reflects the intrinsic period distribution
of LPVs or distinct populations of masses (ages) and metallicities for these stars,
but such explanations special populations or evolutionary histories.
• The distribution of apparent magnitudes of standard candles is consistent with
tilted geometry derived from star counts. We derive a direct determination of
the LMC disk inclination of 42.3° ± 7.2°, consistent with Laney k Stobie (1986)
estimate of 45° ± 7° and with results of Welch et al. (1987), 37° ± 16°. Inter-
preting the apparent luminosity function as due to real source density, we find
evidence of the extended component of the LMC, with a width of approximately
8 kpc (for gm = 0.1'^ and the LMC distance Rimc = 50 kpc).
This detection of this thick component implies that LMC may contain a kinemat-
ically distinct population as suggested by Graff et al. (1999) and/or an the extended
component found by Hughes et al. (1991) and predicted for the tidal interaction with
the Milky Way (Weinberg 2000). Tidal stripping is a natural dynamical consequence
of the LMC-Milky Way interaction and some evidence for extra-tidal debris may have
been found by Kunkel et al. (1997). Theoretically, mass loss should be found for any
star cluster or dwarf. Indeed, tidal debris has now been detected in globular clusters
(e.g. Grillmair et al. 1995) with the characteristic S-shaped profile expected for loss
through the saddle points in the eflfective potential (Lagrange points). Similar pre-
dictions have been made by Johnston et al. (1999) for dwarf galaxies. Conversely, a
definitive failure to detect a stripped stellar component will necessitate a reevaluation
of LMC structure. A speculative possibility is that a more massive LMC recently lost
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equ.libr,um i„ the Milky Way tidal field. The exposure of the disk to a significant
t.dal force might be recent. In such a scenario, the SMC most likely wa.s a satellite of
the larger pr.mord.al LMC and is now rnteracting directly with its lununous gas-rich
disk. More generally, these dynamical mechanisms will affect all Magellanic-like sys-
tems and may help constrain their histories and determine the extent of their dark
matter halos.
The existence of such a population may affect the self-lensing models of the LMC
in the microlensing studies depending on its spatial distribution. These preliminary
results suggest a number of projects for short- and long-term follow-up. An improved
analysis of the 2MASS sample may be obtamed with larger sample of standard can-
dles, or with full three dimensional analysis based on several distinct standard candles
using data from the entire survey rather than selected fields (work in progress). As-
suming that the extended stars originated in the disk, both populations will appear
rotationally supported. However, using the 2MASS photometric distribution as a
guide, a combined disk and extended spheroid population should be kinematically
separable and these stars are good candidates for future spectroscopic work.
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CHAPTER 4
LMC STRUCTURE FROM PHOTOMETRIC AND
KINEMATIC DATA
4.1 Introduction
The Large Magellanic Cloud is our closest galactic neighbor and its structure
is important to understanding the dynamics and stellar evolution in the 'Galaxy-
Magellanic Clouds' system. Based on wide-angle photographs (de Vaucouleurs &
Freeman 1973), the LMC represents a 16° x 14° elliptical object at / = 280.5°, b =
-32.9° (Westerlund 1997), approximately 50 kpc from the Sun. (Recently, Irwin
(1991) estimated a size of 23° x 17° from star counts.) Morphologically, the LMC
is an irregular galaxy with a few recognizable features: the stellar bar, measuring
3.5° X 1.0° with the position angle of its major axis at 120°; spiral arms outlined by
very young Population I stars, superassociations and H I complexes (Kim et al. 1998);
and faint outer loop seen in the distribution of carbon stars (Westerlund 1964).
Despite the apparently complex morphology of the LMC, the kinematical studies
based on a variety of stellar and gas tracers indicate a kinematics dominated by a sin-
gle disk. Rotation solutions derived from H I gas (Rohlfs et al. 1984, Luks k Rohlfs
1992, Kim et al. 1998), H II regions, supergiants, CO clouds (Hughes et al. 1991), CH
stars (Cowley k Hartwick 1991, Hughes et al. 1991), star clusters (Schommer et al.
1992), long-period variables (Hughes et al. 1991), and planetary nebulae (Meather-
ingham et al. 1988) all imply a single disk potential. No hot pressure-supported halo
has been discovered in the LMC, although Hughes et al. (1991) argue for flattened
spheroid kinematics in population of old LPVs. Perhaps due to such a strong evi-
73
denee pointing to a single disk, most studies attempting to analyze the structure of
the LMC have
« pr.on assumed a simple disk n.odel suggested by kinematics. The
inclinations and position angles of the disk derived fron, isophotal fits (McGee &
Milton 1966, de Vaucouleurs & Freeman 1973, Bothun & Thompson 1988, Schmidt-
Kaler & Gochermann 1992), star counts (de Vaucouleurs 1955) and other techniques
(Feitzingcr et al. 1977, Caldwell & Coulson 1986. Welch et al. 1987, Cole 1999) have
been in general agreement with each other, and solidified the view of the LMC a single
disk.
However, recent data suggest that the LMC may not be such a simple system
after all:
1
.
Analysis of MACHO microlensing statistics toward the Cloud (Alcock et al. 2000b)
results in microlensing optical depth r = 1.21°;^ x 10"^ While an interpreta-
tion of this result in terms of Galactic MACHO halo has problems with bary-
onic fraction (Fields et al. 1998), such an optical depth is also too high to be
explained by thin disk self-lensing models (Gould 1995, Gyuk et al. 2000). For
efficient self-lensing, there must be sufficient separation between sources and
lenses, which is lacking in thin disk models. All searches for extended halo of
the LMC based on kinematic tracers have so far turned up negative (see sum-
mary of results in Gyuk et al. 2000). However, numerical n-body simulations
(Weinberg 2000) suggest that LMC disk stars will be torqued out of the disk
plane thus thickening the disk and increasing the microlensing optical depth.
Importantly, this mechanism will not isotropize stellar orbits and the kinematics
torqued stars will remain disk-like. In addition, during this process, the binding
energy of the disk will decrease, which may result in tidal stripping of the outer
regions of the Cloud. The stripped stars may also contribute to microlensing;
2. At least two MACHO events (MACHO-LMC-la and MACHO-LMC-9) are
probably located in the LMC (Zhao & Evans 2000, Kerins & Evans 1999). Bi-
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nary caustic crossing removes the degeneracy in tl.ree lens parameters: mass,
distance, and transversal velocity The fact that all binary lenses (MACHO-
LMC-9, Bennett et al. 1996; 98-SMC-l, Albrow et al. 1999, Alcock et al. 1999)
are located in the Clouds suggests that most observed events are due to Cloud
deflectors (Di Stefano 1999, Kerins & Evans 1999). This also argues against the
thin disk scenario;
3. Zaritsky & Lin (1997) have argued for a presence of intervening population
toward the LMC. Even though the claim has been disputed by several groups
(Gallart 1998, Bennett 1998, Gould 1998, Beauheu k Sackett 1998), the evi-
dence for tidally stripped material from simulations of (Weinberg 2000) may
have been found in the distribution of carbon-rich LPVs (see previous chapter);
4. Zhao k Evans (2000) proposed that the LMC "bar" is in fact a misaligned and
displaced plane structure seen in projection. They argued that ~ 25° difference
in disk and "bar" inclinations could bring the self-lensing optical depth close
to MACHO result. An extreme suggestion at first sight, this does not seem so
contrived given the well known fact that the optical center of the LMC bar is
displaced relative to both the rotation center and the centroid of old populations
(de Vaucouleurs k Freeman 1973). Moreover, the origin of the spiral system of
the LMC is also off-centered (30 Dor; simulations (Gardiner et al. 1998) suggest
that an off-center bar could generate an asymmetric spiral structure). Also, if
one interprets the observed photometric distribution of carbon stars (see previ-
ous chapter) as due to geometric structure, then the magnitude shift between
components a ^ 0.13 mag also suggests an out of plane configuration;
5. Possible signature of a non-disk population has also been discovered in kine-
matic studies. Analysis of H I rotation (Luks k Rohlfs 1992) produced two
distinct components: disk with a symmetric rotation curve, and L-component,
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consisting of two large complexes Imked by 30 Dor nebula. The velocity differ-
ence of the L-component and the disk is ~ 20 - 30 km/s; it is believed to be
located behind the main H I disk. Recently, Graff et al. (2000) have argned
for a distinct kinematic population, seen in the velocities of carbon stars; the
velocity difference is very similar to Luks and Rohlfs' value;
To summarize, the LMC is clearly more complex than a single thin disk. It may
have a thick disk/spheroid, possibly misaligned bar and be immersed in a shroud of
tidal debris. In this paper, we use a ML approach to analyze LMC photometric and
kinematic data combzned. We analyze the residuals (both photometric and kinematic)
from single-disk LMC representation. Any correlation between photometric and kine-
matic residual would provide a very strong evidence to an LMC structure other than
the disk. By utilizing high-accuracy photometric data from 2MASS and kinematics
data from several sources in the literature we are able to improve the sampling of
data space and better constrain the models.
4.2 Data
Our ML analysis is based on combination of photometric and kinematic data^ The
photometric data are taken from 2MASS Second Incremental Release catalog. Based
on the analysis of the LMC color-magnitude diagram (see Table 2.3), only four regions
in the diagram have the estimated fraction of Galactic foreground sources fgai less
than 0.05: regions F, G, J, K^. Since our ML-algorithm is a variation of standard can-
dle analysis, we need to choose sources whose luminosity can be quantified. Sources
in Region K can therefore be discarded as strongly affected by circumstellar dust.
These stars have large reddenings Eb-v ;^ 1 and cannot be considered standard can-
dles. This leaves only sources in Regions F, G, and J, which have been identified with
^Astrometric data (positions) are also known.
^Region L has fgai = 0.01, but is contaminated by extragalactic objects
76
oxygen-rich (F, G) and carbon-r.ch (J) long-penod variables. As LPVs, these stars
obey a statistical linear period-luminosity-color (PLC) relation (Feast et al. 1989).
Projecting the PLC relation on the luminosity-color plane results m a Unear LC rela-
tion. On the CMD, which is the lummosity-color plane, these stars will be distributed
along two loci, one for oxygen-rich and the other for carbon-rich LPVs, and the lumi-
nosity of these stars can be quantified as a function of their near-infrared color. We
have shown that carbon stars in a narrow color interval represent standard candles
of high quality (a^ ~ 0.2). Unfortunately, due to steeper LC relation for M-stars,
parameters of their LC relation are constrained more poorly, and may be a cause for
bias in our ML method. Because of this, and also because of the reasons discussed in
§4.3, we use only sources from Region J as our photometric sample. This amounts to
8229 stars with accurate JHR^ photometry (a^, < 0.04). Given the fact that these
stars are considerably brighter than 2MASS flux limit (14.3"^ in K^), and unaffected
by crowding (as demonstrated in Chapter 2), we have a virtually complete sample of
LMC carbon-rich LPVs in the color range IA<J-K,< 2.0. In our analysis, we will
utilize only two-band photometry, J-Ks color and /^.-magnitude, but generalization
to three and multiband case is straightforward.
Kinematics data for our ML analysis were taken from several sources in the lit-
erature (Kunkel et al. 1997a, Prevot et al. 1985, Hughes et al. 1991). Since one of
the advantages of our ML method is that it places different data within the same
framework (model), we may use a wide variety of kinematic data available in the
literature. In fact, as we will show below (§4.3), one can use data obtained from a
variety of tracers (HI gas, planetary nebulae, globular clusters, etc.), not just C-stars!
Our main source for kinematics data is Kunkel et al. (1997a). They list radial ve-
locities for 539 carbon stars in the LMC, SMC and intercloud region. Selecting only
LMC sources leaves 428 stars, mainly in the periphery of the LMC, of which 232 are
matched to our Region J sources to within 2". As an additional source, we use Hughes
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et al. (1991), who provided radial velocities for a sample of ~ 270 LPVs discovered
in the LMC by Hughes (1989) and Reid et al. (1988). Their sample contains both
C- and M-type LPVs. We find 114 stars in their sample classified as C or CS, and of
those, just 27 can be matched to Region J sources. Sample of Prevot et al. (1985)
contains 393 F-M type supergiants and does not have matching sources with our
photometric sample. All kinematic data are corrected for the transverse motion of
the LMC based on HIPPARCOS measurements of proper motions of 33 LMC stars
(Kroupa k Bastian 1997), see Appendix B.
To summarize, our total sample consists of 259 stars with both photometry and
kinematics, 7970 stars with photometry only and 823 stars with only kinematic data.
The distribution of stars in our sample in the sky is shown in Figure 4.1. Figure 4.2
shows the location of selected sources in the color-magnitude diagram.
4.3 Method
In this section, we give the details of our ML algorithm, which represents photo-
metric and kinematic data by a unified model to derive the structural parameters of
the LMC. In further discussion, we assume that our total sample of size contains ni
records with both photometry and kinematics, {a, J, J - K^, K„ v}, n2 records with
photometry only, {a,6,J - K,,Ks}, and 723 records with kinematics only, {aj,v}.
For clarity, we henceforth shall omit the subscript "s" in K^, and denote C = J ~K.
4.3.1 Data Probabilities
The likelihood function is the cumulative probability of the data given the model.
In our particular case, we may write
rii 712 ns
L = l[P,{ai,6,,C„K,,v,\e) ]lPj{aj,Sj,Cj,Kj\e) U Pk{ak,Sk.Vk\e), (4.1)
i=l j=l A:=l
78
a (J2000.0)
Figure 4.1 Sky distribution of sample sources. Points are 2MASS photometry data,
open circles represent LMC carbon stars from Kunkel et al. (1997a), crosses are
CORAVEL stars (Prevot et al. 1985), and triangles are LPVs from Hughes et al
(1991).
where G is the vector of model parameters to be estimated. The expressions for the
constituent probabilities in equation (4.1) may be derived from the formula of full
probability:
P{a, S, C, K, v\e)=J P(a, S, C, K, v, r\Q) dr =
J dr P{a, 6, r|0) P{C, K\a, 6, r, 0) P{v\a, S, C, K, r, 6), (4.2)
where we have explicitly written the dependence on unobserved distance to a star r.
By integrating (or 'marginalizing') over unobserved variables, we obtain the expres-
sion for the probability which depends only on observed quantities. Thus, we may
write
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Figure 4.2 Color-magnitude diagram of the sample. Symbols are the same as in
Figure 4.1.
P{a, S, C, K\e) = Jdr I dv P{a, S, C, K, v, r|e), (4.3)
P(a, 5,v\@) = j dr j dC j dK P{a, 6, C, K, v,r\e) (4.4)
for the other two probabilities on the right-hand side of equation (4.1).
Therefore, to write the likelihood function, we must provide the expressions for
each probability distribution in equation (4.2). We consider each of them in turn.
4.3.2 Spatial Density
The probability P{a, 6, r) is proportional to the spatial density. In our analysis, it
is modeled with a thin exponential disk or with a sum of two thin exponential disks,
p{r, n„ S,) = El exp(-/?;///i) + E2 expi- IT;/H2)
,
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where C,
.
zero or a free pararr^eter. The scale ler^gths H, and H, are free parameters
of the model. The radius vectors R' and R" are functions of position angle
^o, inclina-
tion
^
and coordmates a., 5, (see Appendix A.l). The two-disk model can also be used
to detect a warp of the primary LMC disk or any material out of the primary disk
plane (e.g. tidally pulled "tails"). The two disks may or may not coincide, to allow for
a variety of possible configurations. This model can also accommodate disks of small,
but finite thickness, because the double exponential disk p = poexp[-R/H ~ \z\/h]
will have the same projected density as thin disk with normalization parameter C
adjusted by 2h.
An important part of P{a, 6, r) is indicator function, which represents the location
of the data in the sky. Denoting this function by C(a, 6), we may write
P{a,6,r) = C{a,6) p{a,S,r).
This function is constant across the LMC field for photometric data, because 2MASS
has complete coverage of the LMC. However, as apparent from Figure 4.1, the dis-
tribution of kinematic data in the sky plane is far from uniform. For example, it is
clear that using data from Kunkel et al. (1997a) alone to determine the scale length
of the exponential disk H in our model will lead to biased estimate. Even combined
with the photometric sample, the uneven sky coverage of kinematic data will result
in bias. To counter that effect, we assume a delta-function form for each star with
kinematic data, ({a, 6) = 6{a - ao)6{S - Sq). This will effectively localize kinematic
data and remove any effect they might have on the large-scale structure.
4.3.3 Distribution in Color-Magnitude plane
The color-magnitude diagram of the LMC (Figure 4.2) reveals that stars from
our photometric sample follow a linear relation between color and magnitude. This
is a manifestation of the LC relation for carbon-rich LPVs. In terms of the intrinsic
magnitudes and colors, we can write
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-^^0 — ^Cq + 7j.
Give, t,ho „sual ,.lati„„ l„.,,w,..n ahsolu.,,. an.l appa,o,„, n.agnitudes i,„.l,„li„g inter-
stellar n.,l,lo„i„R, K = K„ + 5 U>^,ik„r) + 1„ + A„ Uu: W r.-lalion i„ U„. apparent
piano will bo parametrized by
K = ^C + ri.
Note that the slope of the relation remains unchanged, while- .oro point
,/ now rc-Iloets
the distance modulus of the LMC and tlx. n>d<len.n, that ooc:urs between an observer
and th(; LMC:
t/ = r) + b logr + 10 + A„- - ^Ej_,^.
Even assumir.g th(> distance- modulus to the LMC is known, one cannot remove the-
degori(-racy between true zero point r/ and reddening A. However, the degeneracy can
lirtcHl by adding another photometric band ((-.g., //) to tlu- analysis. Indeed, by
adding an extra color dimension, w(- introduce only one additional variable (respective
zero i)oint ////), but two additional equations, one similar to the equation above-, and
the- other for color correlation {A„ and A,^ are not in(l(-i)en(l(uit). In our analysis,
we hide the- true zero point and extinction (and the LMC distance- moelulus) in one
variable r/', which can be estimated from the observed CMD. The linear regression fit
for our sample with L5 < C < 2.0 gives
K = (-1.192 ± 0.032) C + (12.G41 ± 0.056), a = 0.338. (4.5)
These values for ^ and //' are helel fixeul thre)ughe)ut the- analysis.
To parameterize the elistribution of stars in the CMD plane given the linear depen-
dence (4.5), we- first assume that intrinsic color and the lumine)sity e)f a carbon star
are indepeuielent e)f star's location in the- LMC. Th(!re-fe)re!, we may elre)p the- pe)sitie)n
coordinates:
P{C, K\a, 6, r, 9) = P(C, 7^19).
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Furthermore, we assume a uniform distribution of colors, P{C) = Const. The
actual distribution of colors in Region J is flat only up to C = 1.8 and then mono-
tonically decreases by about 20% at C = 2.0. To test whether the assumption of flat
color distribution leads to bias in the slope of the recovered LC relation we performed
Monte Carlo simulations by drawing random samples from the actual color distribu-
tion and from the flat distribution and calculating the slope of the linear relation.
The slopes are consistent with each other, ensuring no bias.
Finally, we assume a Gaussian distribution in magnitudes, centered on the mag-
nitude defined by the LC relation:
P{C,K\e)ocexp
2a\ (4.6)
where K is given by equation (4.5). We note that gk includes both the intrinsic
dispersion of the LC relation as well as photometric errors, variance due to interstellar
reddening and distance.
4.3.4 Radial Velocity Profile
The final term in equation (4.2) is the radial velocity profile. We make an assump-
tion that radial velocity of a star in the LMC disk is independent of the star's color
and luminosity and is a function of position only. Similar to magnitude distribution,
we also assume a Gaussian distribution of rotation velocities,
P(^|a,^,e)ocexp [-^^^-^
where v is the expected radial velocity in the midplane of thin Freeman disk (see Ap-
pendix B). The parameter characterizes the velocity dispersion of disk population,
as well as errors in determined radial velocities.
4.3.5 Likelihood Function
Putting together the components of the full probabiHty (Equation 4.2), and marginal-
izing the resulting components over unobserved variables, we arrive to the following
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expressions:
P{a,6,C,K) =
Ok \/27r Jdajd6 cos 6{p^rj + p2fl) ' (4.7)
1 PlH^l +P2f^*2
where we use the notations
^> = exp
2al
^ = exp
[v - v)"^
2^
and the subscripts "1" and "2" denote first and second exponential disks. The dis-
tance f corresponds to the midplane of the disk (see Appendix A.l). Note that
P{a, 6, C, K, v) and P{a, S, v) are normalized to local density (no integral over spatial
coordinates in the denominator), in accordance with the discussion above. Also, if
no data with both photometry and kinematics are available, the method effectively
reduces to weighted averaging of photometry-only and kinematics-only probabilities,
with the weights given by respective numbers of sources.
As usual, ML algorithm is set to maximize the log-likelihood
711 n2
"3
log L - X; log Prio^r^ K„ v,\Q) log F,(c.,, 6^, C„ K,\e) logP.(c.;,, v,\e)
J=l A;=l
(4.8)
where P^, pj and Pk are given by equations (4.7). Model parameters that maximize
the log-likelihood (4.8) define the best model given the data.
For the model represented by two exponential disks, the general number of free
parameters is 16. The parameters are: disk centers, ai, 6i, S2 (we assume geo-
metric center coincides with the rotation center); inclinations z'l, 22; position angles
of the lines of nodes,
^1, ^2; disk scale lengths Hi and H2; rotation parameters for
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both disks K„„ V„„ T„„„ T,„,,; the distance to the second disk^ and the ratio
of the disk normalization parameters^ The peaks of the rotation enrves
and (see Appendix B) are constrained through theoretical result for thin disks
by Freeman (1970), that
. 2.2//. The shape of the rotation curve (parameter a)
is always held fixed at a = 0.5.
4.3.6 Possible Modifications of the Likelihood
Given the form of the likelihood function (4.8), one can easily introduce additional
photometric bands. Existing LC relations for LPVs in all bands allow straightforward
modification of the algorithm. Another possible improvement concerns weighting of
data. Different weights may be assigned to separate sums in log-likelihood equation,
"1 ^2 nz
J=l k=\
to emphasize the importance of a certain kind of data. The weights may even be as-
signed to particular components of individual sums in (4.8) to manipulate the relative
importance of data from a certain source in the sample.
Adding microlensing optical depth r to the list of observed quantities in (4.2)
can improve the analysis even further. The optical depth due to microlensing can be
written as an integral along the line of sight:
!^r'{L)p,{L)dL
T —
S^Ps{L)dL '
where
T (L) / pi{l) —^ dl& Jo L
is the optical depth due to sources at a distance L. Here / is the distance to the
lens, and ps and pi are densities of sources and lenses, respectively. We see that the
optical depth is a function of the distribution of matter along the line of sight and
thus should help in constraining different models.
^The distance to the first disk is assumed 50 kpc.
''As follows from equations (4.7), only ratio of the normalization is constrained, not the absolute
values.
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Number oo So
80.9
-69.5
1 80.8
-69.5
2 (79.4) (-69.03)
obO (79.4) (-69.03)
4 (79.4) (-69.03)
5 (79.4) (-69.03)
fib0 80.8
-69.4
7 80.8
-69.4
8" 80.8
-69.5
9 80.8
-69.5
80.8
-69.5
H
models.
Photometry only
Y
25 ±2 169 ±4 1.37 ±0.01
23 ±2 143 ±3 1.27 ±0.02
26 ±2 141 ±12 1.33 ±0.02
Kinematics only
(33.0) 163 ±1 (1.6) 4.0 ±0.5 21.7 ±0.4 (0 28)
26 ±5 162 ±1 (1.6) 4.2 ±0.5 26.7 ± 4.4 0 28
Kinematics and Photometry
26 ±2 166 ±1 1.31 ±0.02 5.6 ± 0.4 30 8 ± 2 3
24 ±2 161 ±2 1.22 ±0.02 1.6 ±0.7 39 3 ± 3 1
24 ±2 165 ±1 1.25 ±0.02 -1.1 ±0.4 32.8 ± 2.4
SpUt Center'^
24 ±2 158 ±1 (1.21) 4.0 ±0.7 39.6 ± 3.0 0 37
25 ±2 164 ±1 (1.27) 3.7 ±0.4 31.1 ±2.2 0 36
25 ±1 159 ±1 (1.26 ) 4.1 ±0.1 36.7 ± 1.6 0 36
(0.35)
(0.37)
(0.36)
^
Results from binned likelihood analysis (Chapter 3 on Region J sources.
Kmematic data are taken from Kunkel et al. (1997a) only.
' Solution obtained assuming separate centers for photometric and kinematic distri-
butions^ Estimates are given for photometric center; rotation center is fixed to (79.4°,
69.03 )
.
Photometric and kinematic subsamples are 'evened out' by introducing weight fac-
tors inversely proportional to the size of subsample, / oc A^-^
Note: Positions of the population centroids listed in the Table are in J2000.0 system,
with typical errors ~ 0.3°. The values of parameters shown in parentheses are held
fixed. For rotation curve parameters, see Appendix B.
4.4 Results
4.4.1 Single Disk Model
The results for a single disk model are summarized in Table 4.1. For most of the
estimations, we use gk = 0.4 and ay = 9.0 km/s. The former number is an estimate
of the intrinsic dispersion of luminosity-color relation, convolved with variance in
extinction and observation errors; the latter is a conservative estimate of the velocity
measurements for our kinematic sample.
First, we maximize the likelihood function for photometric data only. This proce-
dure is similar to what we have done in the previous chapter, except sky coordinates
are not binned. We find a reasonable agreement with the previous results, as in-
dicated by comparison of the first two lines in Table 4.1. The observed projected
density is compared to the model in Figure 4.3. Fixing the disk center to HI rotation
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Figure 4.3 Model density and velocity field for single disk LMC models. Left panel-Observed projected density for the LMC (solid contour levels) and best fit single-disk
photometry-only model (dotted lines), mght panel: Magellanocentric velocity field
Vrad{a,d) tor best-fit kmematics-only solution based on 428 carbon stars. Solid linesdenote positive velocity, dotted lines - negative velocity. Contour levels are spaced
by 10 km/s; contour level corresponding to zero velocity is highlighted.
center at a 05^7^.6, 6 = -69°02' (J2000; Kim et al. 1998) does not affect the
disk parameters.
As a test, we have applied our ML algorithm to the kinematics data used by Alves
& Nelson (2000) to derive the rotation parameters of the LMC disk. Due to peculiar
distribution of carbon stars in Kunkel's et al. data set, our estimate of the radial
scale length is likely to be biased. Therefore, the radial scale length is set to a fixed
value, H =1.6 kpc. This value, derived from distribution of RR Lyr stars in the LMC
(Alcock et al. 2000a), is somewhat higher than our typical scale length derived from
photometry, // ~ 1.3 kpc. Nevertheless, we use this value to facilitate comparison
with results from Alves k Nelson (2000). To further constrain the model, we use
a theoretical result for thin exponential disks (Freeman 1970), Rmax ~ 2.2H, where
Rmax is the radius where maximum rotation velocity is attained. From Table 4.1 we
see that while some difference exists in the two approaches (e.g., instead of binning
87
the deprojected radn and solving for rotatu>n i„ annnli, we parameterizo tho rotation
curve shape through the parameter «), the two methods give essentially the san.e
results. Figure 4.3 shows the rotation field as a function of sky coordinates.
Adopting the same values for rotation center, mclination and disk scale length as
used by Alves & Nelson (2000), we find the peak circular velocity K„„, = 76.4 km/s,
close to their estimate V^a. = 73 km/s. If the disk inclination is allowed to change,
the best solution has smaller inclination i = 25.9°, while the position angle of the
line of nodes is unchanged. Smaller inclination means higher peak circular velocity
(because of cosz factor), K.,, = 93 ± 15 km/s, and therefore, higher disk mass.
For a combined dataset with both photometry and kinematics, we find very similar
results whether the disk center is fixed or allowed to change. Our best estimates
give disk inclination i = 24 - 26°, with the line of nodes at position angle 0 =
158 - 166°. The disk scale length is ~ 1.3 kpc and the peak circular velocity is
Vmax ~ 90 km/s. Since the disparity between rotation and optical centers of the
LMC has been a long known fact (e.g. de Vaucouleurs & Freeman 1973), in some
solutions we explicitly separated the two. In these cases, the position of the rotation
center is fixed, because kinematic data have peculiar distribution in the sky (see
Figure 4.1, which may bias the derived estimate. We find no significant changes in disk
parameters in disk parameters if kinematic and optical centers are separated. Finally,
we also estimated disk parameters for a case of weighted data. Due to dominance of
photometric data in our sample, the inference is based primarily of the photometric
subsample. We may attempt to assign more weight to kinematic data, by introducing
weight factors /, as mentioned in §4.3.6. Specifically, to 'even' the data, we introduce
weights inversely proportional to the size of subsample, / a N~\ The results for
this case are also given in Table 4.1 (# 10) and are in good agreement with all other
estimations. This suggests that both photometric and kinematic data reflect the same
true underlying distribution.
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In summary, results from smgle-disk models are in good agreement with values
found in the literature. Our analysis tends to favor lower values of disk inclination
a ~ 27°) of the reported range, i = 25° - 45" (VVesterlund 1997). The d>sk radial
scale length, W = 1.31 kpc is in agreement with the value established from preliminary
analysis.
4.4.2 Analysis of Residuals from Single Disk Solution
In the previous paragraph, we showed that fitting photometric and kinematic LMC
data with a single disk solution results in disk parameters consistent with what can
be found in the literature. However, because of a very rich and accurate photometric
data, we can look for second-order effects, i.e. can analyze the residuals from single-
disk LMC model.
Figure 4.4 shows the photometric residuals, K^-K^ and kinematic residuals, v^-v,
for the solution based on photometry and kinematics combined. For comparison, we
also present the histogram of 1719 sources from Region J selected in Chapter 3.
As expected, the two distributions have similar shapes, in particular the excess at
Am ~ 0.5 mag. The distribution of photometric residuals has the mean // = 0.05
and the root variance a = 0.36. Testing the hypothesis Hq : fi ^ 0 versus : /i 7^ 0,
we obtain z-test statistic Z = 13.08, which means our single-disk model has problems
of explaining the observed distribution. The figure also shows the distribution of
residuals from Graff et al. (2000), based on radial velocity measurements of carbon
stars in the inner ~ 70 sq. deg. of the LMC. The two distributions are markedly
different which can be attributed to differences in sky coverage.
The results of Gaussian analysis of the two distributions in Figure 4.4 are shown
in Table 4.2. This analysis treats photometric and kinematic residuals independently
and the results suggest with high degree of confidence that there are multiple compo-
nents on the distribution. From Table 4.2, we do not find the kinematically distinct
population (KDP) claimed by Graff et al. (2000). However, our data does not disprove
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Am (mag)
Av (km/s)
Figure 4.4 Photometric and kinematic residuals for single disk model. Left panel-
Photometric residuals for single_disk model. Solid line shows the histogram of the
distribution of residuals, - K, for single disk model; dashed line is the distribu-
tion of 1719 sources analyzed in Chapter 3. The area under both histograms is the
same. Right panel: Kinematic residuals for single disk model. Solid line and dashed
line show the distributions of residuals from our model and from inner LMC data
(Graff et al. 2000), respectively. Both histograms are normalized to the same area.
that this population does not exist, since we are looking primarily at the periphery of
the LMC, while the evidence for KDP comes from central regions. By analogy with
the terminology of Graff et al., we will introduce the term 'PDP' for photometrically
distinct population. By PDP we will denote the secondary 'bump' in the photometric
distribution, at ~ 0.5 - 0.6 mag.
The strongest evidence for support of multiple distinct components in the LMC
would be obtained if we could show a definite correlation between different compo-
nents seen in both distributions. Indeed, if one finds evidence that our relatively
fainter stars from photometric distribution in Figure 4.4 have different systemic ve-
locity relative to the main disk of the LMC, this would be very hard to reconcile by
any scenario other than geometric structure. One way to look for this evidence is to
examine the residuals plane ((j^,a,;). There are ~ 260 stars with both photometric
and kinematic data in our sample. The distribution of these stars in the (cr„,cr,;)-
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v^omponents
1
Photometric residuals
u.UO ± u.ui 0.36 ± 0.01
2 0.87 0.08 ±0.01 0.38 ±0.01 178.3
0.13
-0.10 ±0.01 0.11 ±0.01
o 0.15 0.60 ±0.02 0.16 ±0.01 379.5
0.81
-0.01 ±0.01 0.26 ±0.01
0.04
-0.73 ±0.02 0.14 ±0.01
Kinematic residuals
1 1.00 1.0 ±0.6 24.5 ±0.6
0 0.36
-5.7 ±2.0 35.5 ±2.0 160.4
0.64 4.7± 1.0 14.2 ±1.1
3 0.30 10.8 ±2.5 8.45 ±2.2 173.5
0.27 0.19 ±2.7 16.59 ±2.6
0.43 -4.5 ±7.3 37.7 ±3.1
plane is shown in Figure 4.5, with contour levels representing a smoothed density
distribution for these points. There is only a marginal evidence for correlation.
To quantify the strength of the correlation, we repeat the Gaussian analysis on
the two-dimensional distribution in Figure 4.5. The two-dimensional distribution is
parametrized by bivariate normal distribution with zero covariance
N
1 ^m,n^v,n
exp
1 f •^m,n (^T,
2 I S
0",,
The results are presented in Table 4.3. The results are similar to what have been found
by Graff et al. (2000). Single-component fit is rejected in favor of double-component
model with statistical significance of 99.95%, while the statistical significance of re-
jecting a two-component model in favor of three-component fit is 98.8%. The velocity
dispersions for two central components, Sy^i = 14.7 km/s and s^,2 = 26.3 km/s are in
reasonable agreement with 8 km/s and 22 km/s derived by Graff" et al. Nevertheless,
there is no convincing evidence for the presence of KDP in our data.
In an alternative approach, we bin the photometric residuals and plot the spatial
location of stars within these bins (Figure 4.6). The four panels in the Figure show
the overdensity regions for photometric residuals in four magnitude bins: (-1,-0.5),
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-0.8
-0.4 0 0.4 0.8
(mag)
Figure 4.5 Residuals plane (ct^, Oy). Points represent sources with both photometric
and kinematic data, contour levels show smoothed density distribution.
(-0.5, 0), (0, 0.5) and (0.5, 1). The overdensity is computed as the diflference p{a,S) -
Po{a,6), where p and po arc sky densities for sources in a particular bin and for
the entire sample, respectively. As seen in Figure 4.6, the photometric residuals arc
concentrated in specific areas in the sky. The effect is particularly strong for highest
and lowest bins. On average, brighter stars tend to occur in northwestern quadrant
of the Cloud, while fainter sources mainly concentrated in the southeast region below
30 Dor. This can be interpreted as a structural component other than the main disk
of the LMC.
In the absence of kinematic data for carbon star in the central regions of the
LMC, we cannot directly verify whether the same pattern is observfnl in radial ve-
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Components x I
0.67 0.08 ±0.05 0.32 ±0.03
-2.7 ±2.6 17:4±2 1 2l'96
0.33 -0.11 ±0.04 0.11 ±0.04 2.4 ± 4 7 15 6±4 3
0.72 0.01 ±0.03 0.22 ±0.06 -1.2 ±1.5 13:8 ± 2 8 14 62
0-28 0.01 0.40 ±0.12 -1 2 23 4 ± 7 7
0.24 0.04 ±0.12 0.41 ±0.11 -1.0 ± 5.6 23.4 ± 8:5 36.52
0.35 -0.13 ± 0.04 0.11 ± 0.03 2.1 ±4 8 16 9 ± 3 7
0.41 0.12 ±0.16 0.24 ±0.14
-3.9 ± 4 1 10 9 ± 5 2
0.79 -0.02 ± 0.02 0.20 ±0.03 -1.3 ±1.6 14 7± 1 7 27 54
0.16 -0.02 0.44 ±0.13
-1.3 26.3 ± 7 4
0.05 0.56 ±0.05 0.07 ±0.04 3.5 ±7.1 9.7±6 3
^ Subject to constraints, Xm,i = Xm,2 and = x^^2.
locities. However, a comparison of our photometric residual maps with the map
of low-velocity L-component seen in neutral hydrogen (Luks & Rohlfs 1992) reveals
that famter sources from secondary peak at am ~ 0.5 have the same distribution m
the sky as the low-velocity L-component of neutral hydrogen maps. This is a direct
evidence that our 'photometrically distinct' sources have kinematic properties differ-
ent from the conventional disk sources. Furthermore, our PDF is fainter than the
main peak and hence is located behind the main LMC disk, which is also consistent
with observed 21 cm absorption features from the main disk (Dickey et al. 1994).
This evidence supports claims (e.g. Cowley k Hartwick 1991, Graff et al. 2000) of
low-velocity component seen in stellar tracers. Assuming this is true and our fainter
sources do have systemic velocity different from that of the disk, we have to conclude
that these sources are not in the disk. This is the only reasonable conclusion, for one
needs a very ingenious model to explain both different photometric and kinematic
properties by stellar evolution or any other scenario.
To summarize, we have analyzed the residuals from a single-disk model fit to
photometric and kinematic data. The search for KDF in kinematic residuals did not
reveal a distinct population found by Graff et al., most likely because of different
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Figure 4.6 Sky distribution of sources in photometric bins: (a) [-1,-0.5], (b) [-0.5, 0],
(c) [0, 0.5], and (d) [0.5, 1]. Contour levels indicate positive overdensity.
sky coverage of the two samples. However, we have associated the sources from
the secondary photometric peak at cr^ ~ 0.5 with low-velocity component seen in
neutral hydrogen maps. The two have nearly identical distribution in the sky which
suggests that they have similar kinematics. We plan to test this possibility when
kinematic data from inner LMC become available. Those additional ~ 500 carbon
stars are located in the central LMC and should provide a much better leverage for
determining whether in fact the KDP is the same as PDP.
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4.4.3 Two-Disk Model
The kinematics of the neutral hydrogen low-veloc.ty component can be reasonably
approximated by that of a second disk (Luks & Rohlfs 1992). Motivated by this fact,
we can attempt to fit the photometry and kinematics of LMC by two-disk modeh
The distance to the second disk and the orientation parameters of its plane are free
parameters.
Our results for two-disk model are summarized in Table 4.4. First, we run the
ML analysis on photometric data only, with disk center either at the position of HI
rotation center or a free parameter. In both cases, the distance to the second disk is
assumed the same as the distance to the main disk, R = 50 kpc. Figure 4.7 shows the
model fit for the solution with disk center fixed at HI rotation center. As expected,
the main effect of the second plane is fitting the LMC bar, since the bar dominates
the photometric distribution. We note that the scale lengths and the inclinations of
the primary disk resulting from the two-disk model are greater than their respective
values derived from single-disk fit, while the position angles remain similar. The scale
length of the second disk is rather small, ^ 1.0 kpc, and its derived inclination
is made high to fit for the observed axis ratio of the bar, 3:1. Position angle of
the second disk, ^ = 107 - 114°, is in agreement with the observed P.A. of the bar
(~ 120°).
Adding kinematic data to the sample has a profound eff'ect on the disk orientation
parameters. In most cases the second disk has position angle diff"erent by 30 - 35°
from that of the main LMC disk. This shift is remarkably similar to what has been
reported by Freeman et al. (1983) from the kinematics of globular clusters. In essence,
they found that young clusters (SWB types I-III; Searle et al. 1980) rotated with
H I gas, while the intermediate-age and old clusters (SWB V-VII) formed a separate
rotating system with small velocity dispersion along the line of sight a^. The line of
nodes of this second system was found to differ by some 50° relative to the young
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Figure 4.7 Two-disk LMC model based on photometric data only. The center of
the main LMC disk is fixed at H I rotation center. Solid contours show the observed
distribution, dotted lines represent the model.
disk, while the systemic velocity was lower by 18 km/s. This result has later been
disputed based on a larger sample of LMC clusters (Schommer et al. 1992) which
revealed some systematic effect in cluster velocities in Freeman et al. The fact that
we find the same orientation for the second disk from kinematics of stellar tracers
suggests that further study of this possibility is needed.
Figure 4.8 shows the best fit two-disk model with both photometric and kinematic
data. Note the effect of adding a second disk on the velocity field: the contour
levels are now visibly shifted toward greater position angles. The scale length of the
main disk is now in better agreement with what was derived in single-disk model,
while the inclinations are somewhat larger. The two-disk models consistently put
the center of the second disk at the distance R2 ~ 53 kpc, i.e. 3 kpc behind the
main disk. This is due to PDF being fainter than the main disk. The magnitude of
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Figure 4.8 Model density and velocity field for two-disk LMC model Left mnetObserved projected density for the LMC (solid contour levels) and best fit two-disk
model (dotted lines). Right panel: Magellanocentric velocity field VraAa 6) for best-
fit solution # 4 (see Table 4.4). Solid lines denote positive velocity, dotted lines -
negative velocity. Contour levels are spaced by 10 km/s.
the displacement corresponds to the magnitude shift of approximately 0.13 mag (for
the LMC distance of 50 kpc), which is in agreement with two-disk interpretation of
photometric residuals in Chapter 3 (see Table 3.2). The second disk in our two-disk
models has lower systemic velocity, although the magnitude of the velocity difference
(~ 50 km/s) is likely to carry a large systematic error due to poor coverage of the
central regions in our kinematic sample.
To summarize, the results from two-disk model suggest a presence of second
disk plane at ~ 3 kpc behind the main LMC disk. The line of nodes for the
second disk is in agreement with value for intermediate-age and old LMC clusters
(Freeman et al. 1983) and the systemic velocity of the second component is ~ 50
km/s smaller. The results, however, are still inconclusive, mainly because of a poor
coverage of central regions of the LMC by our kinematic data, and relatively few
matches between kinematic and photometric samples.
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4.5 Discussion
In our two-disk scenario, the material responsible for PDP and KDP is located
behind the main disk. Due to its lower systemic velocity, the material will <:ollide
with the main body of the LMC. Assuming the velocity difference of 30 km/s, the
collision will occur in approximately 3.0 kpc/30 km/s ~ 10« years. Contrary to the
claim by Freeman et al., we cannot reliably establish the age of the second disk. To
derive the relation between age of a carbon star and its NIR color, we have identified
carbon stars in clusters with known ages and plotted the positions of the carbon star
in the CMD for each age group. The results (not shown) are inconclusive and do not
allow an interpretation of second disk as made of intermediate-age and old stars.
In principle, the effect of the second disk could be explained by twist in the
main LMC disk, as both will produce the same characteristic twisting of the line of
nodes at different radii. In fact, the evidence for the twisted main LMC disk has
been found e.g., by Kim et al. (1998), and most recently, by Alves & Nelson (2000).
However, the twisted disk is unlikely to produce a peculiar distribution of photometric
residuals which has a relatively strong PDP component, because it is still quite thin.
So even though the LMC disk may be twisted, the other possibility appears more
likely. On the other hand, a strong asymmetric warp in the main disk could produce
the observed photometric distribution, but has problems explaining the kinematic
signature of the second disk. Indeed, from our results in Table 4.4 it follows that in
projection to the sky plane, the two disks are counterrotating. A flared LMC disk
(Alves k Nelson 2000) is another possible explanation for the observed distributions.
Note, however, that in case of the flared disk one would tend to observe the closer
parts relative to the disk midplane, and thus the distribution of photometric residuals
would appear skewed to brighter stars, not fainter sources. Besides, ignoring the low-
velocity component in the rotation solution can h^ad to a systematic error in th(!
kinematic residuals which can bo mistakenly interpreted as a flare in the LMC disk.
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The two-disk scenario wll enhance the microlensing optical depth because of the
separation between sources and lenses. A single virialized disk can only account for
the optical depth r <; lO"" (Gould 1995), while the observed value from MACHO
survey is r = 1.2i»j x 10"' (Alcock et al. 2000b). For two infinitely thin disks, one
calculates the average optical depth due to microlensing,
47rG 1 iS,
^ E„E,ir =
26 ^Eh + E2.'
where A is the separation between disks, S,, is the surface mass density at the center
of zth MACHO field and the summation runs over 26 MACHO fields. For a crude
estimate of the microlensing optical depth,
T ~ 6 X 10-i« (~]
Vlkpc; Ei + Es"
Assuming the separation D ~ 5 kpc we can estimate the surface density of the second
disk given the surface density of the main disk and the observed value of r. The
observed surface brightness of the LMC is ~ 21 mag arcsec-^ (de Vaucouleurs 1957)
near the center. Assuming mass-to-light ratio of 3, this corresponds to surface mass
density of the main disk of 300 pc^. The observed optical depth r is obtained
for the second disk with surface density of only E2 = 45.8 pc^. Therefore, only
15% extra surface density can explain the observed result from MACHO experiment,
which is certainly within the error on the surface density estimate for the main disk.
4.6 Summary
We have presented a ML algorithm for analyzing spatial, photometric and kine-
matic distribution of LMC carbon stars. The method is quite general and can be
applied to any standard candles obeying a luminosity-color relation (e.g., Cepheids).
In this application, we presented the results for carbon-rich LPVs. The method is
based on fitting astrometric, kinematic and photometric data for carbon stars with a
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theoretical model, mcluding mass distribution and rotation model. The spatial den-
sity of the LMC IS modeled with one or two thin disks, as a way of searching for the
material out of the plane of the main disk. The method allows using kinematic data
from a variety of tracers, not necessarily carbon LPVs. In case if the photometric and
kinematic samples do not overlap, the procedure results in simple averaging, weighted
by the sample size. The kinematic data for this analysis are taken from a variety of
sources, mostly from kinematic sample of Kunkel et al. for the periphery of the LMC.
We find that single disk models produce results consistent with previous estima-
tions of disk parameters found in the literature. We find inclinations in range i ^ 26°
and position angles of the disk line of nodes at ^ ~ 140° - 170°. The scale length of
the exponential disk is also derived, but our estimate could be biased due to presence
of the SE loop, seen in the sky distribution of carbon stars.
Adding a second disk to the model primarily attempts to fit the bar of the LMC.
While it has been suggested that the LMC bar is another exponential disk seen in
projection (Zhao k Evans 2000), we do not find conclusive evidence to support this
claim, mainly because of lack of data in central LMC regions. Additional kinematics
sample of 551 LMC carbon stars from inner ~ 70 sq. deg. (Hardy et al. 2000) would
prove useful in discriminating between the models, but unfortunately they were not
available at the time. We will incorporate them in the analysis in future.
As possible modifications of the method, we mention adding other photometric
bands and a weighting scheme to account for relative importance of data from various
sources. Additional photometric bands will provide a leverage for determining the
extinction, because of the additional color-color relations. This could improve the
inferential power of the algorithm through additional constraints on the distribution
of matter along the line of sight.
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APPENDIX A
PARAMETRIC MAXIMUM LIKELIHOOD FORPROJECTED DENSITY DISTRIBUTION
The expected source density for a bin in the direction (a„ S,) is determined by
integrating the LMC density model along the line of sight across the bin. This is
given by the following integral:
f°° J 2 n'^^^l'^ rQi+Aa/2
roo
~ dt t'^p{t,ai, 6j) COS SjAaA6, (A.i)
where the last equality assumes that the bin size Aa, AS is sufficiently small. We
perform the integral in (A.I) using 256-point Gaussian quadrature formula, with
20 kpc and 80 kpc as the integration limits. The underlying source density p{t, a, S)
is given either by equation (3.1) or by equation (3.2). The coordinate transformations
for both models follow.
A.I Exponential Disk
To quantify /?(•), we introduce the coordinate system {.To,?/o,2o} which has the
origin at the center of the LMC at {t,a,6} = {RLMccyoJo} and has ^o-axis toward
the observer, .To-axis antiparallel to the right ascension axis, and yo-ax\s parallel to
the declination axis. The coordinate transformations are given by
Xq = — t cos(5sin(Q; — q;o)
yo = ^sin^cos(5o - i cos(^sin(^oCos(Q; - CKo) (A. 2)
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- R,.m: -tcosS cos rSo cos(a -
„„) - < sin * sin 6„.
The coordinate syst<.„ of the exponential <iisk, {.',,/,,'), i, u,e sa.ne rectangular
system as {i„,!y„,2„}, except rotated about z„-axis by the position angle 0 counter-
clockwise and about the new
.,;'-axis by inclination angle t eloekwise. The coordinate
transformations are given by
x' = xq cos 0 + i/Q sin 9
y' = -xo»\n9coHi + ijQcosOcosi - ZQSini (A.3)
z' = -a:osin(9sinz + yocos^sinz + 2ocosi
Because our resolution in photometric distance is larger than the disk thickness, the
integral in equation (A.l) may l)e simplified by assuming that the exponential disk is
infinitely thin, i.e. z' = 0 for all points of the disk. The contribution to the integral
is zero everywhere, then, except the point where line of sight intercepts the plane of
the disk. The value of t at the intercept, t, is
* =
-Rlmc cos i X [cos 5 sin(a - a^) sin 9 sin i
+ (sin 5 cos 5q - cos 6 sin 6q cos(q! - ao)) cos 9 sin i (A. 4)
- (cos (5 cos (Jo cos(a - ao) + midsm6o)cosi]~^ . (A.5)
The values of .tq, ijq and zq coordinates at the intercept point follow from equa-
tion (A.2). The radius and the position angle of the intercept point in the plane of
the exponential disk are given by
r = yjx'^ + 7/'2, 9 = tan-' (y'/x'), (A.6)
where x' and y' are calculated from equation (A.3). Finally, the expected source
density (A.l) may be written as
PiJ^ oc fexp{-r/R) cos 6j, (A.l)
where t and r are given by equations (A.4) and (A.C), respectively.
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A. 2 Power Law Model
Treatment of the spherical power law model is much simpler. Unlike the disk, there
is no unique axis of symmetry and one may write the density (3.2) m the coordinates
t, a and 6 directly. It is straightforward to verify that
^ " + ^Imc - '^RLMct [cos 6 cos 6o co"^(^ ao) + sin 6 sin Sq]. (A.8)
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APPENDIX B
RADIAL VELOCITY
We adopt the rotation curve representation from Hughes k Wood (1990):
where = Kn/i?^ and Sm = l/Rm. Here, K„ is the maximum projected velocity,
and is the radius at which this velocity is attained. There are four free parameters
in the rotation model: K,, a, and S^. Parameter a describes the shape of the
rotation curve and varies between 0 (flat rotation curve) and 1 (solid body rotation).
In the coordinate system {x'
, y\ z'}, radial velocity is written as
(B.2)
/ Vx' \ ( -sin^ \
Vy. = V{R) cos^
\ Vz' ) \ 0 1
1 \ (
= V[R)
J \
where V{R) is given by equation (B.l) and R and 0 are given by equation (A.6).
Converting the coordinates to the system {xo,yo,2o}, we obtain:
( - cos ^0 sin 9 - sin 9q cos 6* cos z \
- sin 6'o sin ^ + cos 6'o cos ^ cos i . (B.3)
— cos ^ sin z j
The radial velocity is given by the dot product
'^r = v^^e^Q + Vy^CyQ + v,^e,o, (B.4)
where components of velocity are given by (B.3) and position unit vector is
Cio = — cos^sin(Q; — q;o)
CyQ = sin^cos^o - cos(5sin(^oCos(Q; - q;o) (B.5)
e^o
-
-sin(5sin5o
- cos5cos5ocos(a
- Qo)-
B.l Correction for Space Motions of the Sun and the LMC
To derive radial velocity corrections due to Solar motion and LMC bulk motion,
we adopt the Galactocentric coordinate system used by Gardiner et al. (1994). In
this coordinate system, the velocity vector of the LMC is (Kroupa & Bastian 1997):
Vt = (+41 ± 44, -200 ± 31, +169 ± 37) km/s.
Given the observed heliocentric radial velocity V,, the corrected magellanocentric
velocity V^mc is given by
yLMc = Vh + {VQ-Vt).X{l,b),
where X(/,6) = (cos 6 cos/, cos 6 sin/, sin 6) is the position vector for a star at coordi-
nates (/, 6). The circular velocity of the Sun is taken = (0, 220, 0) km/s.
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